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Emery, Isaac R. Ph.D., Purdue University, December 2013. Direct and Indirect Emissions of 
Greenhouse Gases During Biomass Storage: Implications for Life Cycle Assessment of Biofuels. 
Major Professor: Nathan Mosier. 
 
 
 Ethanol and other biofuels from cellulosic feedstocks are currently the most promising 
candidates to replace a large fraction of gasoline consumption in the United States and reduce 
greenhouse gas emissions.  Gaps in current approaches to estimating the net greenhouse gas 
emissions from second-generation biofuels may lead to underestimation of the carbon intensity of 
these fuels.  Current life cycle assessment models of biofuels do not sufficiently account for 
biomass losses and emissions associated with the harvest and storage of biomass feedstocks, 
which can require additional fuel and materials use on the farm as well as reducing the effective 
yield of a crop at the biorefinery gate. The goal of this dissertation is to quantify the range of 
likely impacts of feedstock storage on the net greenhouse gas emissions from biofuel production. 
 A broad survey of published forage and bioenergy studies was used to assess the range of 
likely feedstock dry matter losses during storage by several methods.  These loss distributions, as 
well as updated parameters for biomass harvesting processes and potential direct emissions of 
non-CO2 greenhouse gases during biomass decomposition were incorporated into the Greenhouse 
gases, Regulated Emissions, and Energy use in Transportation (GREET) model to determine the 
effects on life cycle global warming impact. Methods for laboratory-scale storage experiments 
were developed using a variety of potential bioenergy feedstocks harvested at Purdue University.  
Experiments with corn stover and switchgrass under controlled temperature and moisture 
conditions were conducted to determine rates of dry matter loss and methane and nitrous oxide 
emissions during storage. 
 Results show that updating biofuels life cycle analysis models to include harvest and 
storage of biomass feedstocks can substantially increase net greenhouse gas emissions from 2.0 - 
10.0 gCO2e/MJ ethanol.  Differences between storage methods are significant: materials use and 




bales reduced average emissions and variability.  Both methane and nitrous oxide are produced 
during aerobic biomass storage at the laboratory scale, though at low rates which may not 
substantially affect the carbon intensity of cellulosic biofuels. 
 Incorporating harvest and storage parameters into biofuels life cycle assessment models 
significantly alters both point estimates and stochastic analyses of greenhouse gas emissions. 
While ethanol from cellulosic feedstocks still provides a greater than 60% reduction in 
greenhouse gases compared to gasoline, storage processes should be considered when assessing 





CHAPTER 1. INTRODUCTION 
Meeting rising global energy demand while reducing fossil fuel use is one of the great 
challenges of the 21st century. Liquid fuels, primarily gasoline and diesel, are among the most 
difficult fossil energy sources to replace due to their high energy density, ease of transportation, 
and relatively low production cost. While finding replacements is challenging, ensuring their 
sustainability is even more so. Sustainable fuel sources must provide energy without 
compromising the ability of future generations to meet their own needs (Brundtland et al., 1987). 
While fossil fuels are clearly unsustainable - due to our finite supply and the well established 
connection between fossil fuel combustion, global greenhouse gas concentrations, and global 
climate change (IPCC, 2007; Birol et al., 2013) - determining which alternatives offer the lowest 
environmental burden can be surprisingly complex.  
Ethanol and other biofuels produced from agricultural feedstocks are among the most 
promising candidates for replacing a large fraction of gasoline consumption. Generated from 
'current carbon,' as opposed to 'fossil carbon', the combustion of these fuels add little to the global 
greenhouse gas burden. Governments in many developed nations have mandated production 
quotas for biofuels to reduce dependence on imported oil and mitigate the severity of climate 
change, such as the Renewable Fuels Standard of the Energy Independence and Security Act in 
the United States, and the Directive on the Promotion of the Use of Biofuels of the European 
Union (Council Directive 2003/30/EC; EPA, 2009a,b).  Cellulosic feedstocks in particular, 
including corn stover and herbaceous energy crops, have environmental and resource 
conservation advantages over both petroleum based fuels and corn derived ethanol (Farrell et al., 
2006; Fu et al., 2003; Spatari et al., 2005).  The environmental benefits of biofuels are most 
commonly quantified in terms of life cycle reductions in greenhouse gas (GHG) emissions over 
conventional fuels.   
In the United States and Europe, the environmental impacts of biofuel policies are 
assessed using life cycle assessment (LCA), a methodology that sums total environmental impact 
of a product or process from extraction of raw materials through use or disposal. Many tools have 




Emissions, and Energy use in Transportation' (GREET) model developed at Argonne National 
Laboratory (Wang et al., 2012).  Standards for life cycle assessment developed by the 
International Standards Organization (ISO) require “compilation and evaluation of the inputs, 
outputs and potential environmental impacts of a product system throughout its life cycle” (ISO, 
2006). However, GREET and other life cycle emissions models do not account for all major 
environmental impacts of biofuels production. Gaps within greenhouse gas assessment are also 
prominent. In particular, current models do not include life cycle impacts of biomass storage 
processes or reflect current literature on emissions from biomass decomposition.  
The U.S. Energy Independence and Security Act of 2007 mandates 36 billion gallons of 
domestic renewable fuel production by 2022, including 16 billion gallons from cellulosic 
feedstocks. Meeting the 2022 Renewable Fuel Standard targets for advanced biofuels could 
require producing - and storing - up to 300,000,000 tons of biomass feedstock per year.  Due to 
the enormous scale of this potential demand, a report by the National Academies of Science and 
Engineering identifies additional research on the sustainability of feedstock production and 
development of a framework for assessing impacts of production on natural resources as key to 
creating a biofuel industry (National Research Council, 2009). 
 
1.1 Biomass Storage Methods 
Although large-scale storage of biomass feedstocks for biofuels is an extremely recent 
industry, cellulosic crop storage for animal feed has been an active field of study for decades.  
Both forage and biofuel feedstock storage address the same issue – to minimize losses from 
weathering and decomposition and maintain quality of biomass between annual or seasonal 
harvests and consumption throughout the year by biological or industrial reactors. Two basic 
methods of preserving biomass have become standard: dry, aerobic bale storage and wet, 
anaerobic silage (Hoglund, 1965; Pitt, 1990).  To reduce the risks of loss by decomposition or 
spontaneous combustion, hay is often baled below 20% moisture.  Covering bales with a tarp or 
roof is often recommended to reduce losses associated with re-wetting by precipitation 
(Buckmaster, 1990; Heslop and Bilanski, 1986; Rotz and Muck, 1994), but the infrastructure 
associated with dry storage is otherwise minimal. 
Silage can be harvested and stored immediately, with minimal drying needed for most 
crops to reach the recommended 50% to 75% moisture (Pitt, 1990).  The stability of silage is due 
to the prevalence of lactic acid bacteria, which consume available carbohydrates in the crop and 





Figure 1.1 Biological carbon flows and fossil fuel use in the biomass supply chain. A variety of harvest and storage methods may be feasible 
for biofuel feedstocks, including bulk silage, low-moisture bale silage, and dry bales.  Relationships between harvest, storage and 
transportation methods will affect machinery and capital investments, fossil energy use, direct greenhouse gas emissions, and the net yield of 
biomass at the biorefinery.  Line widths indicate relative quantity of biomass and fossil carbon flows, inputs, and losses at each stage.  




This process requires an anaerobic environment, and can be easily disrupted in the presence of 
oxygen by other bacteria and molds.  Silage is most often stored in large piles, often in a concrete 
or metal silo and/or a plastic cover kept tight to the surface of the biomass to minimize air 
exchange (Pitt, 1990).  Biomass losses during storage can vary widely in both storage methods, 
often ranging from less than 5% when proper storage conditions are maintained to 15% or more 
when biomass moisture and oxygen availability are poorly controlled (Pitt, 1990). These losses 
are more fully explored in Chapter 2. Both methods have been examined as possibilities for large-
scale biofuel feedstock storage, with early studies reporting the feasibility of dry bale storage of 
switchgrass (Sanderson et al., 1997), and a preference for anaerobic over aerobic storage for 
sweet sorghum (Coble and Egg, 1987; Henk and Linden, 1994). 
 
1.2 Logistics and Economics Research 
The past five years have seen a tremendous increase in publications on the harvest and 
storage of biomass for biofuels.  Several broad, comprehensive studies on the logistical 
challenges of supplying corn stover and other feedstocks have addressed biomass storage 
(Atchison and Hettenhaus, 2004; Hess et al., 2009; Rentizelas et al., 2009; Richard, 2010). Others 
have evaluated the profitability and economics of several corn stover harvest, storage and 
transportation systems for biofuel production (Brechbill et al., 2011; Petrolia, 2006). These types 
of supply chain or systems-level studies are informed by a growing literature on the expected 
behavior of biomass crops during storage.  Biomass storage trials cover a range of crops and 
scales, from assessments of the technical and economic feasibility of large silage piles (Turhollow 
and Sokhansanj, 2007), rates and economic impacts of switchgrass storage losses (Larson et al., 
2010; Mooney et al., 2012), to biomass losses and bale integrity during commercial-scale 
switchgrass and energy sorghum bale storage (Buser et al., 2013).  A survey of the relevance and 
usefulness of several of these models to environmental analyses of biofuel feedstock production 
is presented in Appendix A. 
 
1.3 Interconnectedness of Harvest, Storage, and Bioprocessing 
The interdependence of storage methods with harvesting and biomass processing at a 
biorefinery complicates the assessment of economic and environmental impacts of storage.  Some 
of these connections are shown in Figure 1. Because storage methods are dependent on biomass 
moisture content and other physical properties, different degrees of field drying, conditioning, 




Dry storage requires machine treatments and cooperative weather conditions to dry crops from 50% 
to 80% moisture at harvest to below 20% at baling (Pitt, 1990; Rotz and Shinners, 2007). 
Machine processing of dry crops results in greater leaf and stem shattering and subsequent loss of 
material which cannot be picked up by a baler (Hoglund, 1965).  Once in storage, dry bales have 
minimal dry matter losses unless moisture is allowed to re-enter the bales (often by precipitation 
and absorption of soil moisture).  Thus, covers of some kind and prepared ground are needed to 
assure stability. 
Wet biomass storage as bulk or baled silage present different challenges.  Although field 
drying can be reduced or eliminated, vastly reducing the risk of on-field losses and the 
complexity of scheduling biomass harvest equipment, minimum requirements for storage 
infrastructure are greater, and care must be taken to ensure an anaerobic environment throughout 
the storage period.  Bale silage is most often made with round bales, which can have a lower 
harvest efficiency than square bales (Rotz and Muck, 1994). Silage is often more dense than dry 
bales on a dry matter basis, allowing a smaller storage footprint.  Transportation of silage requires 
the movement of large volumes of water between the farm, the storage site, and the biorefinery, 
adding substantial fuel and other transportation costs.  Both overall on-farm energy use and 
transportation to the biorefinery can require substantially more energy in silage production than 
for a dry bale system (Sokhansanj et al., 2008). 
Storage also affects downstream processes in biofuel production.  Once biomass is 
delivered to the biorefinery, bales must be disassembled and biomass chopped or ground to a 
particle size suitable for pretreatment, hydrolysis, and fermentation.  Many of these processes 
result in feedstock loss and/or fossil energy use (Fig. 1). There is some evidence that ensiling may 
reduce the number and/or severity of processing steps at the biorefinery. The ensiling process 
may improve the quality of corn stover for bioproducts manufacturing (Ren et al., 2006) or 
conversion to bioethanol (Ambye-Jensen et al., 2013; Liu et al., 2013; Oleskowicz-Popiel et al., 
2011) by reducing pretreatment and hydrolysis costs and energy use. 
 
1.4 Harvest and Storage Losses Decrease Effective Crop Yield 
Despite substantial research on the economic and logistical influence of biomass harvest 
& storage methods, very little work has been published on the environmental impacts.  While the 
biomass supply chain can potentially affect the environment in many ways, the loss of material 
due to decomposition, weathering, and inefficiencies may be the most influential.  The biomass 




biogenic CO2 from the decomposition of lost biomass does not represent a direct contribution to 
global warming, losses of biomass during storage effectively increase the quantity of biomass that 
must be produced to generate a unit of feedstock at the biorefinery.  Failing to properly account 
for these losses in life cycle assessment models may result in under-estimation of energy use and 
greenhouse gases due to crop production. 
At least one prior publication has identified the role of crop losses during harvest and 
storage as a complicating factor in bioenergy modeling (Monti et al., 2009).  An otherwise 
thorough study of sources of variability in greenhouse gas estimates from bioethanol production 
does not address storage methods or post-harvest losses as a factor independent of reported crop 
yields (Mullins et al., 2011). One recently developed biomass supply model, BioFeed, developed 
at the University of Illinois and the Energy Biosciences Institute, optimizes biomass supply 
operations based on logistical and cost considerations, but does not account for greenhouse gas 
emissions (Shastri et al., 2011). 
 
1.5 Non-CO2 Greenhouse Gas Emissions 
Loss of biomass during storage also has the potential to generate methane and nitrous 
oxide, 25 and 298 times more potent greenhouses gases, respectively, than CO2 (2007), which 
would directly increase the global warming emissions associated with the biomass supply chain.  
Ensiling is known to generate a variety of gaseous emissions other than CO2, including N2O, NO, 
NO2, and CO (Kedan et al., 2007; Meiering et al., 1988; Moisio, 1979; Spoelstra, 1983; Wang 
and Burris, 1960).  Due to the toxicity of NOX compounds, quantitative studies have focused on 
the concentrations and health and safety effects of silage gas, rather than emissions rates, and 
greenhouse gas production rates are still unknown.  While gas production during dry bale storage 
has not been studied, there is evidence to suggest that they may be significant.  N2O from 
microbial transformation of fertilizers and plant residue is a known contributor to global climate 
change, with a global rate of approximately 1% (likely range 0.3% to 3.0%) of applied and 
biomass N in agricultural systems lost to N2O (Smith et al., 2007). Applying this default rate to 
emissions from storage and supply chain losses of agricultural residues and bioenergy crops could 
increase estimated net global warming from ethanol and other biofuels. 
Data from composting suggests that unlike aerobic agricultural soils, which often have no 
net methane emissions (Le Mer and Roger, 2001), biomass storage may release methane at rates 
equal or greater to that of nitrous oxide on a global-warming basis (Mann and Spath, 2001; 




composting literature suggests that under poor storage conditions, direct greenhouse gas 
production from biomass may exceed the total emissions from transportation and processing of 
wood chips (Wihersaari, 2005).  Another theoretical study of carbon flows from biomass lost 
during storage and transportation suggests a methane emissions rate of 2.5 g CH4/kg switchgrass 
yield at the biorefinery (Qin et al., 2006). 
Some recent studies of biomass storage provide direct evidence of greenhouse gas 
emissions from cellulosic feedstocks.  Measurements of gas releases from woody biomass storage 
at the laboratory scale confirm that methane production does occur (He et al., 2012; Kuang et al., 
2009). Additionally, a combination of commercial and laboratory analyses have shown a wide 
range of gases including CH4, N2O, and NOX compounds produced during storage of whole rice 
(Yenjai et al., 2012a; Yenjai et al., 2012b).  Based on this data, it appears that even ‘aerobic’ 
storage of cellulosic biomass may result in higher rates of greenhouse gas emissions than the 
decomposition of residues on the field. 
 
1.6 Net Greenhouse Gas Emissions from Cellulosic Ethanol 
Estimates of the carbon intensity of cellulosic biofuels can vary dramatically between 
feedstocks and fuel produced, and depending on assumptions of crop inputs, crop yield and 
emissions due to direct and indirect land use change (Hennecke et al., 2013; Hertel et al., 2010; 
Hoefnagels et al., 2010; Mullins et al., 2011; Searchinger et al., 2008; Sims et al., 2010). 
Production of ethanol from switchgrass is one of the most well-studied systems.  A study of the 
distribution of likely net greenhouse gas emissions from switchgrass ethanol reported a 90% 
confidence range of -10 – 120 gCO2e/MJ, with biomass crop yield and emissions due to land use 
change being the most influential variables (Mullins et al., 2011).  Another analysis of variability 
in ethanol production parameters in which biomass yield and land use change emissions were 
held constant reports a 90% confidence range of 3 – 31 gCO2e/MJ, with the rates of electricity 
production and N2O production from fertilizer as the most sensitive variable parameters (Wang et 
al., 2012). Point estimates of net emissions from switchgrass ethanol range from -23.9 gCO2e/MJ 
(Adler et al., 2007) to 33 gCO2e/MJ) (Bai et al., 2010), with the majority between 18 and 26 
gCO2e/MJ (Dunn et al., 2013; Farrell et al., 2006; Hoefnagels et al., 2010; Monti et al., 2012; 
Mullins et al., 2011).  Overall, these results lead to optimistic conclusions regarding the ability of 
ethanol from switchgrass to meet the most stringent requirements for greenhouse gas reductions 
according to the US Renewable Fuels Standard – a 60% reduction in emissions compared to 




Although the net emissions from switchgrass ethanol may be low, the greenhouse gas 
effects of biomass losses between field and biorefinery may be substantial.  Such losses 
effectively reduce the yield of bioenergy crops, amplifying the agricultural inputs needed to 
provide a unit of biomass at the biorefinery.  Across studies and models, emissions associated 
with feedstock production are relatively consistent, between 18 and 30 gCO2e/MJ, and may be the 
largest source of greenhouse gases other than fuel combustion (Adler et al., 2007; Hoefnagels et 
al., 2010; Wang et al., 2011).  
Given an approximate carbon intensity of 22 gCO2e/MJ ethanol from switchgrass, an 
increase of 15 gCO2e/MJ would be needed to cross the RFS2 threshold for cellulosic ethanol.  
This corresponds to a roughly 63% increase in emissions from feedstock production.  While this 
appears to be a very large increase, the response of biomass production to losses may be 
nonlinear (as shown in the following chapter), and there may be sources of emissions not 
currently accounted for in current models, such as additional transportation, processing, or 
materials needed throughout the biomass supply chain. 
 
1.7 Hypotheses and Goals 
The following studies in this dissertation seek to address some of the issues described 
above through a combination of modeling and experimental work.  In Chapter 2, the likely range 
of dry matter losses during biofuel feedstock storage is surveyed, and the impact of increasing 
modeled biomass production on net global warming potential of ethanol is assessed using the 
GREET model.  Chapter 3 examines the sensitivity of GREET to several parameters associated 
with biomass production and storage.  Chapter 4 presents a new version of the GREET model 
with integrated biomass harvest & storage parameters.  These studies address two of the three 
hypotheses of this dissertation: 
1. Feedstock losses during storage significantly increase the greenhouse gas balance of 
biofuels, with implications for the regulatory categorization of biofuels. 
2. Quantity and variability of emissions can be reduced by covering bales or ensiling 
biomass. 
In order to examine the potential for direct emissions of greenhouse gases during 
feedstock storage, new experimental methods were needed.  Chapter 5 presents the results from a 
series of laboratory-scale biomass storage trials in which the methods for the final experiment 




conditions are compared.  Emissions rates of methane and nitrous oxide during storage of 
switchgrass and corn stover are presented in Chapter 6, addressing the third hypothesis: 
3. CH4 and N2O emitted during feedstock storage are a significant contribution to net 
greenhouse gas emissions with implications for the regulatory categorization of 
biofuels.  
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CHAPTER 2.  THE IMPACT OF DRY MATTER LOSS DURING HERBACEOUS 
BIOMASS STORAGE ON NET GREENHOUSE GAS EMISSIONS FROM BIOFUELS 
PRODUCTION 
This chapter has been previously published as: Emery, I. R., & Mosier, N. S. (2012). The impact 
of dry matter loss during herbaceous biomass storage on net greenhouse gas emissions from 
biofuels production. Biomass and Bioenergy, 39, 237-246.  Additional information on the 
literature review which forms the basis of the analysis can be found in Appendix B. 
 
2.1 Abstract 
Life cycle inventory models of greenhouse gas emissions from biofuel production have 
become tightly integrated into government mandates and other policies to encourage biofuel 
production.  Current models do not include lifecycle impacts of biomass storage or reflect current 
literature on emissions from soil and biomass decomposition.  In this study, the GREET model 
framework was used to determine net greenhouse gas emissions during ethanol production from 
corn and switchgrass via three biomass storage systems: wet ensiling of whole corn, and indoor 
and outdoor dry bale storage of corn stover and switchgrass. Dry matter losses during storage 
were estimated from the literature and used to modify GREET inventory analysis.  Results 
showed that biomass stability is a key parameter affecting fuel production per farmed hectare and 
life cycle greenhouse gas emissions.  Corn silage may generate 5358 L/ha of ethanol at 26.5 
gCO2e/MJ, relative to 5654 L/ha at 52.3 gCO2e/MJ from combined corn stover and conventional 
grain corn ethanol production, or 3919 L/ha at 21.3 gCO2e/MJ from switchgrass.  Dry matter 
losses can increase net emissions by 3–25% (ensiling), 5–53% (bales outdoors), or 1–12% (bales 
indoors), decreasing the net GHG reduction of ethanol over gasoline by up to 10.9%. Greater 
understanding of biomass storage losses and greenhouse gas fluxes during storage is necessary to 
accurately assess biomass storage options to ensure that the design of biomass supply logistics 






Biomass production for fuel and energy is a growing industry around the globe.  The rate 
of global energy production from biomass grew at twice that of that of energy from crude oil 
between 1973 and 2007 (EIA, 2009a).  US biomass energy production has grown from 3.2 to 3.8 
EJ between 2000 and 2007, driven by an increased production of feedstocks for liquid fuels from 
0.33 to 1.08 EJ over the same time period (EIA, 2009b).  European nations and the U.S. have put 
in place policies to encourage the swift development of second-generation biofuels from 
cellulosic feedstocks based on social, economic, and environmental concerns over first-generation 
technologies (Council Directive 2003/30/EC; EPA, 2009).  Environmental analyses of biofuel 
production practices are primarily based on predicted reductions in net greenhouse gas emissions, 
which are determined by life cycle analysis of the entire production process, frequently including 
biomass production, processing, and transportation, as well as fuel production, transportation, and 
end use (EPA 2009). 
Many tools have been developed for the life cycle inventory (LCI) or life cycle 
assessment (LCA) of biofuels.  Most focus on the economic, energy, or greenhouse gas flows in 
the production system, and are used by public and private organizations in financial and policy 
decision making.   Inventories and assumptions concerning the biofuel production process vary 
substantially between biofuel net energy and GHG assessment models (Liska and Cassman, 2008; 
Miller and Theis, 2006; Patzek, 2004; Wu et al., 2005). Resulting values for GHG emissions from 
corn ethanol range from 32% lower to 20% higher than emissions from conventional gasoline, 
although these converge slightly when adjusted to more closely match system boundaries 
between the models (Farrell et al., 2006).  Though the data used in biofuels assessments varies, 
most models support that the energy use and greenhouse gas emissions from biofuels are driven 
by land use change, N2O emissions from soil and fertilizers, biomass yield, ethanol yield, and 
ethanol production energy (Mullins et al., 2011).  In 2009, the Greenhouse gasses, Regulated 
Emissions, and Energy use in Transportation (GREET) model was selected by the US EPA as the 
primary tool for life cycle inventory analysis of greenhouse gas emissions during biofuel 
production for implementing the renewable fuel standard (EPA, 2010). 
Current life cycle inventories of biofuel production reflect current grain storage and 
delivery infrastructure, utilizing on-farm storage and on-demand transportation to the biorefinery 
(Jacobson et al., 2009).   In these models, one transportation event transfers biomass from on-
farm storage to the biorefinery.  Storage is assumed to have no effect on the properties of the 




These grain-based supply systems assume that biomass is uniform, dense, and easily stored 
without losses, while current and future cellulosic biomass supply systems must be adaptable to 
site-specific variability in collection strategies, crops, storage, and pretreatment options (Jacobson 
et al., 2009).  Biomass storage in particular has received little attention in studies of biomass 
processing and logistics.  While some economic models of biofuel production and transport 
include storage factors (Sokhansanj et al., 2006), there have been few studies on the effects of 
storage on the biofuel production system, or on the associated greenhouse gas emissions. 
Production and storage of biomass for animal fodder is in many ways similar to systems 
of biofuel feedstock production and storage.  It has been long known that plant biomass 
production for animal fodder suffers losses at harvest and during storage (Hoglund, 1965).  From 
forage production research, it is known that moisture content is a key factor determining the 
extent of both harvest and storage losses.  Dry crops (<40% moisture) are subject to additional 
harvesting challenges and fragmentation losses during baling and transport, while wet crops (>60% 
moisture) are more susceptible to microbial degradation and losses due to liquid effluent 
production during storage (Hoglund, 1965; Jackson and Lessard, 1977; Khorvash et al., 2006; Pitt, 
1990; Shinners et al., 2007).  Biomass between 40% and 60% moisture is particularly difficult to 
manage during storage, although some crops in this range can be successfully stored as ‘haylage’ 
(Rotz et al., 1991). 
Storage losses may have large impacts on feedstock production costs and greenhouse gas 
emissions associated with biofuel production.  All upstream inputs, including farm activities, 
harvesting, and transportation to a storage facility are increased to replace the lost biomass in 
order to achieve the desired supply of biomass at the processing plant gate.  A complete life cycle 
inventory of GHG emissions assigned to those activities will have to take into account the 
difference between a unit of biomass at harvest and a unit of biomass supplied to the biofuel 
production facility.  Recent studies have demonstrated the importance of land use and feedstock 
production on the greenhouse gas balance of biofuels relative to conventional petroleum-based 
fuels (Crutzen et al., 2008; Searchinger et al., 2008; Searchinger et al., 2009).   Storage losses 
magnify the GHG contributions of land, chemical, and energy inputs to feedstock production, and 
could affect the interpretation of biofuel LCA studies and subsequent policy decisions. 
The goal of this study is to investigate the potential effects of biomass storage strategies 
on the life cycle GHG emissions of corn and switchgrass-based fuel ethanol.  Figure 2.1 shows 
the boundary of the study, which includes standard biofuel production stages as well as dry matter 




Figure 2.1 Flow diagram of the model boundary (dashed line) including feedback between 
storage losses and biomass production, and major potential contributors to greenhouse gas 
emissions which were not included in this study 
 
attention has been paid to land use change and other aspects of life cycle GHG emissions, the 
present study addresses only the increased feedstock production requirements due to dry matter 
loss during storage.  Other sources of greenhouse gasses such as non-CO2 GHG emissions from 
stored biomass, for which data are not available, were not included.  Prior literature on biomass 
production for animal fodder demonstrates that dry matter loss during storage can be significant.  
In the context of biofuels production, these losses may contribute significantly to fuel life cycle 
emissions.  The results of this study may be useful for comparing biomass supply options and 
identifying areas where additional research is necessary to accurately characterize the energy and 
GHG impacts of biomass supply to a biorefinery. 
This study compares corn grain, corn stover, corn silage, and switchgrass as feedstocks 




storage losses on greenhouse gas emissions and ethanol yield from dry (stover, switchgrass) and 
wet (silage) pathways.  
 
2.3 Methods 
The results presented here utilized the GREET model framework to assess the impacts of 
storage losses on life cycle GHG emissions from cellulosic ethanol production.  The GREET 
model calculates estimated energy use and greenhouse gas emissions (CO2, CH4, and N2O) during 
the fuel life cycle (Wu et al., 2006).  The model and user inputs are broken into several 
components: feedstock production, transportation, fuel processing/production, and vehicle use.  
Default GREET pathways include bioethanol from corn grain, corn stover, herbaceous biomass, 
and conventional gasoline, among others.  The default model values for corn farming and ethanol 
production are based on US national average data or forecast based upon predicted changes in 
technology and farming practices.  GREET version 1.8 default values were used in this study 
unless otherwise specified.  The functional unit of this study is one MJ of ethanol produced at a 
biorefinery, or one MJ of conventional gasoline. 
 
2.3.1 Silage Model Development 
A corn silage feedstock production pathway was modeled by modifying the default 
herbaceous biomass pathway in GREET.  Unlike the corn grain and corn stover pathways, the 
herbaceous biomass pathway allows inputs for both farming material and energy use and 
electricity cogeneration during fuel production, making it uniquely suited within the GREET 
model to simulate emissions from nearly any biomass feedstock.  On-farm input values for the 
corn silage pathway were calculated from the default GREET values for corn grain, modified for 
additional nitrogen fertilizer to compensate for removal of nitrogen in corn stalks as per the 
default calculations for the corn stover pathway (Huo et al., 2008).  Biomass nitrogen, the 
quantity of nitrogen in decaying crop biomass after harvest, was calculated by adding residual 
aboveground nitrogen and nitrogen from belowground biomass.  Residual aboveground biomass 
was calculated assuming 7% harvest losses (Mani et al., 2006).  Nitrogen from belowground 
biomass was assumed to be equal to the GREET default value for corn grain (Huo et al., 2008).  
Emissions due to land use change were considered beyond the scope of this study, and GREET 
input values for land use change emissions were set to zero. 
The 2007 US national average silage yield of 39.4 wet Mg/ha of silage per acre was used 




silage was assumed to have a 32% dry matter content at harvest (Peter Friedemann, personal 
communication, 2009), and was assumed to be converted to ethanol at a rate of 427 L/Mg (102.3 
gallons per dry ton) (Kim et al., 2009).  While some data suggests that silage may require lower 
energy use for processing at the biorefinery than corn stover, the present study assumes that there 
is no difference (Xu et al., 2009). 
 
2.3.2 Dry Matter Losses 
Due to the many potential complicating factors surrounding dry matter losses during 
storage, a survey of the literature was conducted to estimate likely storage losses for dry (baled) 
and wet (ensiled) biomass and to estimate the probability distribution of storage losses for each 
storage method.  Due to the high variability of reported values and the sensitivity of storage 
losses to many factors, a range of results was obtained for both bales and silage instead of a single 
value.  In analyzing the data from the animal forage production literature, the following heuristics 
were used to categorize the reported data for further analysis.  Harvested material between 10% 
and 40% moisture were classified as ‘dry’, while material between 60% and 80% moisture was 
categorized as ‘wet’.  Biomass with intermediate moisture contents between 40% and 60% 
moisture were not included in this study.  Herbaceous feedstocks for bioenergy production are 
generally grasses or crop residues which are also grasses (e.g. maize and wheat).  Studies of corn 
silage and corn stover, ryegrass, switchgrass, sorghum, and unspecified grasses were included in 
the survey.  Storage losses for alfalfa and other broadleaf crops were excluded.  Publications on 
wet biomass storage focus on the ensiling of very fresh, wet biomass for forage, which was 
assumed to be equivalent to biofuel feedstock storage due to the lack of data on large-scale 
storage of wet biomass for bioenergy production.  In order to qualify for statistical analysis, 
studies were required to contain a measured dry matter content of biomass at harvest and a 
measured average dry matter loss (%) for all stored biomass over a period of no less than 4 
months.  A total of 46, 22, and 47 data points were indentified from the literature for wet storage, 
dry indoor storage, and dry outdoor storage, respectively, each representing the average of a study 
or treatment (Atchison and Hettenhaus, 2004; Coble and Egg, 1987; Henderson and McDonald, 
1974; Henderson et al., 1972; Henk and Linden, 1994; Huhnke, 1990; Jackson and Lessard, 1977; 
Johnson et al., 2003; Khanchi et al., 2009; Mayne and Gordon, 1986; McDonald et al., 1966; 
McDonald et al., 1968; McDonald et al., 1962; McDonald et al., 1964; Muck and Holmes, 2007; 
Richey et al., 1982; Sanderson et al., 1997; Shinners et al., 2007; Shinners et al., 2010; Shinners 




Percentile loss values were identified for each storage system by analyzing these data using the 
Standard method.  Data analysis was completed using SigmaPlot® version 10 (Systat Software, 
Inc., San Jose, CA).  
Corn grain storage losses are very low due to large investments in facilities for drying 
and storage to meet the high standards of purity required for human and livestock consumption.  
Grain losses of as little as 0.5% DM due to fungal spoilage can be rejected (Magan and Aldred, 
2007).  The maximum salable proportion of mold damaged kernels (20%) for food products 
corresponds to only a 1.5% dry matter loss (Yigezu et al., 2008).  Such low losses would not have 
a major impact on greenhouse gas emissions during fuel production; therefore DM loss of grain 
was not included in this study.   
While GREET implicitly accounts for harvest losses for corn stover and herbaceous 
biomass by counting as ‘harvested’ only biomass removed from the field, GREET does not 
account for energy use or feedstock losses associated with biomass storage.   To estimate the 
effects of storage losses on life cycle greenhouse gas emissions, a set of ‘upstream’ factors was 
identified within the GREET model.  Pesticide and fertilizer application rates, farming energy use, 
feedstock transportation, and biomass N content (a GREET parameter used to calculate N2O 
emissions from residual biomass), were all considered to be upstream to biomass storage.  These 
inputs were increased by a factor equal to the additional feedstock production required to  
 
Table 2.1 GREET input values for the default pathways (Grain, Stover, and Switchgrass) and the 
corn silage pathway.  Only cellulosic ethanol yields, values for the corn silage pathway, and 
emissions due to land use change (set to zero) differ from the GREET default values.  Note that 
the GREET model itself uses a mixture of SI and US units. 
  Corn Grain Corn Stover Corn Silage Switchgrass 
Harvest yield 8.38 Mg/ha  n/a  n/a   n/a   
Ethanol yield 490.7 L/Mg 369.3 L/Mg 427.3 L/Mg 350.1 L/Mg 
Electricity 
cogeneration 
 n/a  -0.158 kWh/L -0.158 kWh/L -0.158 kWh/L 
Insecticide 26.8 g/Mg  n/a  19.8 g/Mg 0 g/Mg 
Herbicide 318.9 g/Mg  n/a  237.0 g/Mg 30.9 g/Mg 
CaCO3 Fertilizer 47,329 g/Mg  n/a  35153 g/Mg 0 g/Mg 
K2O Fertilizer 6851 g/Mg 9201 g/Mg 5089 g/Mg 157 g/Mg 
P2O5 Fertilizer 5867 g/Mg 1800 g/Mg 4357 g/Mg 249 g/Mg 
N Fertilizer 16,352 g/Mg 4956 g/Mg 14241 g/Mg 11725 g/Mg 
Farming energy use 400 MJ/Mg 274 MJ/Mg 400 MJ/Mg 253 MJ/Mg 
CO2 land use change 0 g/Mg 0 g/Mg 0 g/Mg 0 g/Mg 
N biomass content 5576 g/Mg 0 g/Mg 1224 g/Mg 0 g/Mg 
Collection rate:  n/a  50 %  n/a   n/a   





compensate for dry matter lost in storage, such that:  
 Additional Production = 1 / ( 1 - %DM loss ) – 1 Eq. 2.1 
Additional production was also assumed to increase the effective land area needed to 
supply an ethanol plant.  Transportation distance, equal to the radius of a hypothetical circular 
supply area, was adjusted proportionally to the increase in the supply area (Perlack and 
Turhollow, 2003).  GREET input required rounding distances to the nearest mile. 
 
2.3.3 GREET Model Output 
All GREET runs were conducted using default model data for 2010.  Model inputs for each 
fuel production pathway are shown in Table 2.1.  Ethanol yield per acre was calculated both with 
and without storage losses, using the GREET default yields for corn grain, corn stover, and 
switchgrass (8.4, 4.2, and 11.21 dry Mg/ha, respectively) (Wu et al., 2006), and using the 2007 
US national average yield for corn silage (12.6 dry Mg/ha), which was the most recent data 
available at the time the analyses were performed.  GREET defaults include a 90% harvested-to-
planted acreage parameter for corn grain.  Ethanol yields from biomass were taken from GREET 
defaults and the predicted yield for corn silage ethanol.  GREET well-to-pump greenhouse gas 
emissions (gCO2e/MJ) for biofuels include emissions credits for carbon sequestered by the 
feedstock, making comparisons with conventional fuels difficult.  In this study, comparisons of 
GHG emissions in gCO2e/MJ ethanol were calculated from GREET well-to-wheels output values 
(gCO2e/km) using GREET factors for fuel economy and LHV (24.5 mpg and 116,090 Btu/gal for 
conventional gasoline; flexible fuel vehicles are assumed by the GREET model to have identical 
fuel economy – Btu/mi or MJ/km– when using ethanol or gasoline).  All GREET well-to-wheels 
results for each feedstock were determined by modeling a 100% ethanol fuel mix in the flex-fuel 
vehicle (FFV) pathway.  Emissions are also compared as reductions over average 2005 gasoline-
fueled vehicle emissions using GREET default data. 
 
2.4 Results 
2.4.1 Dry Matter Losses 
Using the GREET framework, we modeled life cycle (well-to-wheels) GHG emissions 
during production of fuel ethanol from corn silage using a probability distribution for expected 
dry matter losses during storage estimated from the literature.  Comparing this novel biofuel 





Figure 2.2 Relationship between dry matter (DM) loss and DM content from published studies on 
biomass storage: Variability is high relative to the “rule of thumb” curve estimated by Hoglund 
(1965), (drawn line) particularly for dry biomass stored outdoors (open circles), which can suffer 
very high losses. See Appendix B for a more detailed assessment of published studies. 
 
required introduction of storage losses into the GREET model.  Likely storage losses were 
estimated from the literature based on the distribution of losses shown in Figure 2.2.   
Most studies reported losses less than or comparable to the guidelines for storage losses 
described by Hoglund (Hoglund, 1965), except for those of outdoor storage of dry biomass, for 
which losses can be considerably greater.  Among hay and corn stover baled and stored indoors, 
reported DM losses were low, consistently under 6%, even as DM content ranged from 88% to as 
low as 40% (Coble and Egg, 1987; Collins and Allinson, 1995; Huhnke, 1990; Khanchi et al., 
2009; McCormick et al., 1998; Shinners et al., 2007; Verma and Nelson, 1983).  Bales of hay and 
corn stover stored outdoors may frequently suffer losses of 10% to 20%, even when baled under 
the 20% moisture threshold (Coble and Egg, 1987; Huhnke, 1990; Khanchi et al., 2009; Mayne 
and Gordon, 1986; Richey et al., 1982; Sanderson et al., 1997; Shinners et al., 2007; Verma and 
Nelson, 1983).  Dry matter losses as high as 35% to 40% can also occur (Shinners et al., 2007; 
Shinners et al., 2010; Verma and Nelson, 1983).  While many reviews of storage losses may 




Figure 2.2 shows that DM losses range from 5% to 25% when biomass is stored at over 
65% moisture.  While losses for corn silage may be lower than for other grasses, the variability in 
techniques used and the small number of studies available makes this difficult to determine.  This 
distribution of losses is comparable to ranges published elsewhere: among similarly treated 
biomass, storage losses can range from 8% to 20% with crop moisture content of 60% to 80%, 
respectively (Honig, 1991), and several reports by Henderson (Henderson and McDonald, 1974; 
Henderson et al., 1972) and McDonald (McDonald et al., 1966; McDonald et al., 1968; 
McDonald et al., 1962) show consistent 20% to 25% storage losses for ryegrass when moisture 
content is above 80%.  Reported losses vary from 1% to 32% of total dry matter, but the majority 
of reports emphasize losses between 5% and 21% (Honig, 1991; Johnson et al., 2003; McGechan, 
1990; Oelberg et al., 1983; Rotz and Muck, 1994; Savoie and Jofriet, 2003; Savoie et al., 2006; 
Shinners et al., 2010).  
The type and effectiveness of storage silos are closely related to crop DM content and the 
type and percentage of storage losses for silage.  Covering and sealing the biomass is critical, 
potentially reducing losses by 8-fold over as little as two months (Oelberg et al., 1983).  Bunker 
silos, best for minimizing effluent losses from very wet silage (over 75% moisture) have expected 
DM losses of 13%, somewhat greater than the 6 to 9% losses from tower silos, which are optimal 
for silage between 60 and 75% moisture.  Wrapped bale silage has much smaller infrastructure 
and capital requirements, but suffers expected losses of 16% DM over 6 months for relatively dry 
biomass (60% to 70% moisture) (Savoie and Jofriet, 2003).  Studies of corn silage report 55% to 
75% moisture content and storage losses between 4% and 15% (Henk and Linden, 1994; Jackson 
and Lessard, 1977; Johnson et al., 2003; Muck and Holmes, 2007; Shinners et al., 2009; Singh et 
al., 1996; Weinberg and Ashbell, 1994). 
 
Table 2.2 Percentile distribution of published dry matter loss values for wet storage and indoor 
and outdoor dry storage, as indicated in Figure 2.1. 









5 2.8 1.1 4.6 
25 5.2 2.5 7 
50 7.8 5.6 11 
75 13.4 7.9 16 




Table 2.2 shows the probable (25th to 75th percentile) and extreme (5th and 95th percentile) 
storage losses for dry and wet storage identified from the chosen studies.  Indoor dry storage 
generates the smallest losses, with half of the published values between 2.5 and 7.9% of initial 
dry matter.  Outdoor storage of dry bales commonly allows greater losses of 7 to 16%, with the 
potential for extremely high losses of over 36%.  Ensiling biomass causes more degradation than 
indoor storage but a narrower range of expected losses than outdoor dry storage. 
 
2.4.2 Ethanol Yield 
Silage may produce comparable yields of biomass and ethanol per acre to that achieved 
by harvesting and processing corn grain and corn stover separately, and may generate greater 
biomass and ethanol yields than switchgrass production (Table 3).  Without storage losses, corn 
silage may generate 5358 L/ha (573 gal/acre) of ethanol, or 4940 L/ha (528 gal/acre) with median 
storage losses. Combined corn stover and conventional grain corn ethanol production could 
generate 5654 L/ha (604 gal/acre) without DM losses, or 5567 or 5484 L/ha (595 or 586 gal/acre) 
at median indoor and outdoor storage losses, respectively.  3919 L/ha (419 gal/acre) could be 
produced from switchgrass (3699 or 3488 L/ha or 396 or 373 gal/acre at median indoor and 
outdoor storage losses, respectively). 
Storage losses have a greater effect on ethanol yield per acre for silage than combined 
corn grain and stover.  Ethanol from corn grain comprises over 69% of the total fuel produced per 
acre from the combination of conventional grain and stover fuel production pathways.  Since corn 
grain losses are expected to be very low and are not considered in this study, fuel yields per acre 
from combined grain and stover are less affected by storage losses than the corn silage pathway.   
 
Table 2.3 Ethanol production and carbon intensity from corn and switchgrass using various 
storage methods. 
  No storage losses Median indoor storage 
losses 
Median outdoor storage 
losses 










Corn Grain 4108 71.8 n/a  n/a n/a n/a 
Corn Stover 1545 8.5 1459 9.1 1375 9.8 
Grain + 
Stover 
5654 52.3 5567 53.3 5484 54.2 
Corn Silage 5358 26.5 4940 28.7 n/a n/a 




Figure 2.3 Estimated rank percentile greenhouse gas emissions from ethanol produced from 
combined corn grain and stover, corn silage, and switchgrass.  In and Out indicate indoor and 
outdoor storage of dry biomass. 
 
However, median outdoor dry storage losses do have a substantial impact on fuel yield from corn 
stover when examined independently of corn grain ethanol yields. 
 
2.4.3 Life Cycle Greenhouse Gas Emissions 
Per unit of fuel energy produced, ethanol from corn silage may represent substantially 
lower greenhouse gas emissions than ethanol produced from corn grain and corn stover (Figure 
2.3).  Corn ethanol production from separate grain and stover pathways generates 52.3 gCO2e/MJ 
(44.8% reduction in GHG emissions over baseline 2005 gasoline emissions), whereas corn silage 
produces 26.5 gCO2e/MJ (72.0% reduction over gasoline) and switchgrass 21.3 gCO2e/MJ (77.5% 
reduction).  
The impact of dry matter loss is highly sensitive to the type of storage used.  Indoor 




combined corn grain and corn stover and switchgrass, which may vary by less than 2.3 gCO2e/MJ 
between the 5th and 95th percentile of expected storage losses.  Outdoor storage may have a 
much larger impact on greenhouse gas emissions, which increase by 0.5 to 6.3 gCO2e/MJ for 
combined corn grain and stover ethanol and 0.9 to 6.9 gCO2e/MJ for switchgrass at the 5th and 
95th percentile of expected storage losses, respectively. 
The variability in reported losses during outdoor storage of biomass also leads to the 
greatest variability in modeled GHG reductions over gasoline.  GHG emissions reductions for 
ethanol produced from corn and switchgrass may vary by 6.4% (combined corn grain and stover) 
and 10.9% (switchgrass) when biomass is stored outdoors, while the expected range in losses 
during ensiling translates into a 6.3% range in emissions reductions over gasoline between the 5th 
and 95th percentile of expected storage losses.  Between the 25th and 75th percentile of expected 
outdoor storage losses, GHG reductions over gasoline vary by only 1.7% for conventional corn 
grain and stover and 2.3% for switchgrass ethanol production.  The median storage losses during 
ensiling are comparable to switchgrass, resulting in a 2.6% range in likely greenhouse gas 
reductions over gasoline.  Indoor storage results in less variability, with the 5th to 95th percentile 
of expected storage losses causing only 1.9% and 2.4% variability in greenhouse gas reductions 
for combined corn grain and stover and switchgrass, respectively. 
 
2.5 Discussion 
Biomass yields certainly are the driving force behind economic and environmental 
feasibility of biofuels from a farming perspective.  Using the GREET model, an increase in 
biomass yield of 10% at constant inputs decreases net greenhouse gas emissions by 10-15%, 
depending upon the crop.  The effects of biomass storage on emissions can amplify this 
variability by reducing the yield of biomass that arrives at the biorefinery gate.  The variability in 
expected biomass losses during storage are similar in magnitude to the year-to-year (2002-2007) 
variations in corn silage yields in a given US location (3-21% silage storage loss compared to 2-
50% yield variability).  Therefore biomass loss during storage is a significant variable that should 
be considered for environmental, financial, and economic analysis and a target for feedstock 
management and research.  
 
2.5.1 Greenhouse Gas Reductions 
Using the GREET model, we simulated greenhouse gas emissions from ethanol 




large reductions in greenhouse gas emissions over gasoline relative to ethanol from corn grain 
and corn stover on a per-acre basis, and may be comparable to ethanol from purely cellulosic 
sources such as switchgrass.  Due to higher efficiency of whole-biomass harvests and higher 
fermentation yields from ensiled biomass, silage could yield substantially more ethanol per acre 
than comparable yields of corn grain and corn stover. Although corn harvested as silage may have 
a higher cellulosic biomass fraction than that harvested for grain due to crop maturity or variety, 
reduced harvest losses, starch present in immature seed, and partial breakdown of physical 
structure during ensiling may allow higher ethanol yields than can be achieved for corn stover by 
conventional pretreatment processes. 
Storage losses may have a significant effect on biofuels’ GHG reductions over gasoline.  
As shown, median dry matter losses increase GHG emissions of combined corn grain and stover 
ethanol by 1.0 gCO2e/MJ and 1.9 gCO2e/MJ for indoor and outdoor storage, respectively, due to 
increased feedstock production required to produce one MJ of fuel.  These emissions are 
equivalent to a 1.0% to 2.0% decrease in GHG reductions compared to 2005 average gasoline-
fueled vehicles.  However, these values do not reflect the variability in reported storage losses, 
which introduces a variability of 1.9% to 6.4% in GHG reductions over gasoline.  This significant 
range in potential reductions for combined corn grain and corn stover on a per-acre basis is due 
primarily to the increasing share of GHG-intensive corn grain ethanol as losses of corn stover 
biomass decrease the volume of cellulosic ethanol produced per acre, as well as application of 
additional fertilizers to compensate for removed stover.  Changes in the GHG intensity of ethanol 
from corn silage and switchgrass are due directly to increased feedstock production requirements.  
The US Renewable Fuel Standard categorizes fuels based on feedstock and GHG 
reduction over the average 2005 life cycle emissions from gasoline, with cutoffs of 20%, 50%, 
and 60% GHG reductions for renewable fuel, ‘advanced’, and ‘cellulosic’ biofuels (EPA, 2009).  
For fuels calculated to be near the 50% or 60% cutoffs, 6% to 10% variability is significant.  
While national policy decisions require a more detailed modeling approach than used in this 
preliminary study, it is clear that variations in GHG reduction due to biofuel crop storage could 
have a significant impact on the categorization of biofuels in the United States and highlight the 
importance of careful consideration of biomass storage in designing biomass supply systems for 
biofuel production. 
2.5.2 Biomass Storage 
It is widely accepted that dry storage losses are much smaller than wet storage losses, 




loss is frequently associated with moisture content, exposure to precipitation, and bale contact 
with soil.  Dry matter losses are assumed to be a result of microbial degradation. Low storage 
losses and smaller infrastructure and capital requirements for bale storage of hay are expected to 
compensate for the difficulties in harvesting field-dried material (Hoglund, 1965).  Field drying is 
highly weather-dependent, and rain events can cause delays in collection and loss of biomass due 
to degradation (Monti et al., 2009; Rotz and Muck, 1994; Shinners et al., 2007).  Drying biomass 
to below 20% moisture is accepted as necessary to avoid large losses during storage.  Literature 
concerning biomass loss and supply logistics assumes on-farm, outdoor storage due to lower 
capital investment than a centralized indoor storage system (Brechbill and Tyner, 2009; 
Sokhansanj et al., 2008).  According to the results in this study, storage infrastructure could be a 
much stronger determinant of biomass loss than moisture content for hay collected below 40% 
moisture. 
Most silage losses appear to occur in the initial loading and fermentation period.  
Fermentation, which lowers the pH of the silage, occurs during the first one week to one month of 
storage, after which silage is relatively stable for up to one year with minimal losses if the silo is 
well sealed and good storage practices are followed (McDonald, 1981; Williams et al., 1997).  
Therefore, losses are thought to be resilient to variations in storage time.  Significant dry matter 
loss also occurs during removal from storage, as portions of the silage are removed over the 
course of several months as animal feed.  Available data suggests renewed microbial activity may 
cause losses of 1.5% total DM over 48 hours between unloading and use of ensiled material 
(Savoie and Jofriet, 2003).  When supplying a biorefinery, a silo may be unloaded in hours 
instead of days or weeks as in the case for animal fodder, reducing the potential for aerobic 
deterioration and dry matter loss. 
Harvest losses also play an important role in determining biomass availability at the fuel 
production plant.  Degradation and fracturing of biomass during drying, harvest, and 
transportation are expected to result in dry matter losses of 20 to 25% prior to bale storage, while 
wet biomass at over 60% moisture can be harvested at nearly 95% efficiency (Hoglund, 1965; 
Rotz et al., 1991).  The total harvest and storage losses may vary by only 5 to 10% under good 
management practices.  While on-field losses during harvest and baling (estimated at 26% for dry 
corn stover (Sokhansanj et al., 2008)) are implicitly included in the GREET model by defining 
the harvest yield as biomass successfully removed from the field, losses during transportation or 




reported dry matter losses of 2-3% during transportation, while losses due specifically to bale size 
reduction are not known. 
 
2.5.3 Best Practices 
‘Best practices’ in harvesting and storage may greatly reduce dry matter losses.  Many 
losses during ensiling are avoidable, depending largely on the moisture content of the crop, silo 
type, proper sealing and management of the silo, and the rate and method loading and unloading 
(McDonald et al., 1991).  The impact of these ‘avoidable’ losses may account for some of the 
discrepancies between academic studies of ensiling and expected on-farm losses.  While 
McGechan (1990) reports expected losses from silage between 18% to 25% of dry matter 
depending on moisture and harvest method, Shinners et al. (2007) demonstrate that dry matter 
losses can be kept under 10% by wrapping dry bales that are too wet for conventional hay storage.  
So-called wet stover or haylage may be an optimal storage method for cellulosic ethanol 
feedstocks, though the fermentation properties of wet stover are not well understood. 
Additives are frequently used to enhance the preservation of corn silage, and may be an 
important management tool to reduce storage losses, particularly in poor quality silage (Johnson 
et al., 2003; McGechan, 1990; Pitt, 1990).  However, some additives may significantly contribute 
to the net greenhouse gas emissions of stored biomass.  Use of urea and ammonia to condition 
biomass would directly increase GHGs through volatilization of N2O from silos.  Recommended 
lactic acid bacteria inoculation rates of at least 0.1 to 1.0 kg per wet Mg of forage could represent 
a significant energy investment and financial cost to biomass producers (Pitt and Leibensperger, 
1987).  Similarly, adjusting the sugar content of low-sugar biomass crops to ensure good 
fermentation could require addition of 2% to 5% of biomass wet weight in sugars, which could 
create additional logistical and economic barriers for a biomass industry (Leibensperger and Pitt, 
1988).  Enzymes used as silage additives are similar in function to those used in biomass 
pretreatment, used to degrade cellulose and hemicelluloses to accessible sugars.  These enzymes 
represent a significant cost barrier to cellulosic ethanol commercialization, and would therefore 
likely pose a significant cost in biomass storage treatments as well.  While such an investment 
may be preferable to the alternative – loss of stored biomass – judicious and appropriate use of 
additives is required to minimize the life cycle GHG emissions from biofuel production. 
In addition to risk of severe DM loss due to outdoor storage of dry biomass, fire is also a 
concern.  Improperly baled hay and stover is subject to spontaneous combustion.  Once begun, 




additional challenges for developing a biomass supply system, as consolidation of biomass in 
indoor storage facilities may increase an operator’s vulnerability to such extreme events.  
Biomass loss and financial investment are likely to be greater concerns for farmers and fuel 
producers than emissions standards in designing a biomass supply chain. 
 
2.5.4 Economic Implications for the Fuel-Ethanol Production Cycle 
A study of harvest yields and storage costs of corn stover and silage by Perlack and 
Turhollow (2002) demonstrated that feedstock supply costs to a biofuel plant can vary by 30 to 50% 
depending on baling and harvest method, or up to 120% with stover availability.  The high 
packing density and moisture content of silage also has a financial impact.  Turhollow and 
Sokhansanj (2007) identified a 53% moisture threshold for transportation of corn stover by truck. 
Higher moisture levels cause loads to be limited by weight rather than volume, thereafter having a 
direct impact on transportation costs and logistical complexity as the quantity of dry matter per 
load decreases. 
An economically viable biomass supply system may require storage and transportation to 
account for less than 30% of biomass cost at the biorefinery gate (Jacobson et al., 2009).  
Increased feedstock production costs due to biomass loss may compete with the investments 
necessary to build and maintain storage infrastructure.  Reducing the extreme variability in dry 
matter loss associated with outdoor storage requires protecting bales of dry biomass from rain and 
soil moisture, the costs of which may be prohibitive to farmers (particularly those who rotate 
crops).  Centralized storage at the fuel processing plant may be more feasible, although 
centralization increases an owner’s risk to spontaneous combustion or other disasters.  Wet 
storage of biomass by ensiling at the biorefinery could reduce variability in storage losses and 
eliminate fire risks if a sufficient quantity of whole corn is locally available, though a greater 
density of feedstock cropping near the plant may be required to keep the cost of transporting wet 
biomass affordable.  The economic impacts of biomass storage losses include increased costs of 
biomass production, transportation, and storage infrastructure, which must all be considered when 
determining the most cost-effective biomass supply system. 
 
2.6 Conclusions 
The impact of storage losses on life-cycle GHG emissions of biofuel production 
emphasizes the role of management and on-farm decision making in the environmental impacts 




biofuel GHG emissions from combined corn grain and stover and corn silage by 1.0 and 2.2 
gCO2e/MJ respectively for indoor storage, or 1.9 gCO2e/MJ if dry stover bales are kept outdoors.  
DM losses from bales of stover or switchgrass stored outdoors may vary 3-fold more than losses 
from bales stored indoors.  While silage DM losses have a similar median range of expected 
losses to bales stored outdoors, the distribution has a much shorter upper tail.  These analyses do 
not support conclusions comparing corn stover, corn silage, and switchgrass as biofuel feedstocks, 
but rather emphasize that variability in storage losses is a key factor in accurately determining life 
cycle emissions as required by regulatory agencies. Uncertainty related to storage losses 
represents over 10% variability in the net emissions reductions over gasoline for dry bale storage, 
or 6.2% variability for wet silage.   
Storage losses are highly dependent on storage infrastructure and crop moisture at harvest.  
Decisions regarding the moisture content at which to harvest cellulosic biomass and the method 
of storage may have tremendous environmental and economic implications over the following 
year.  While little information on storage practices for supplying biomass for biofuel production 
is available, understanding the availability of covered storage for bales and the distribution and 
economic and environmental costs of constructing silos will be key in accurately modeling the 
greenhouse gas emissions associated with year-round storage of biomass for fuel production. 
 
2.7 Acknowledgements 
We are grateful to Peter Friedemann at Dow AgroSciences for assisting with data 
collection, and to Dr. Fu Zhao for providing a thorough critique of the manuscript.  We would 
also like to thank Jeryang Park and E.M. Sajeev for many thought-provoking conversations 
regarding the work reported here. Funding for this work was provided in part by Dow 
AgroSciences.  Isaac Emery’s efforts were partially supported by a Lynn Fellowship through the 






Atchison J.E., Hettenhaus J.R. (2004) Innovative Methods for Corn Stover Collecting, Handling, 
Storing and Transporting, National Renewable Energy Laboratory, Golden, Colorado. 
Brechbill S., Tyner W.E. (2009) The Economics of Renewable Energy: Corn Stover and 
Switchgrass, Purdue Extension Bioenergy, Purdue University Cooperative Extension 
Service, West Lafayette, IN. 
Coble C.G., Egg R.P. (1987) Dry matter losses during hay production and storage of sweet 
sorghum used for methane production. Biomass 14:209-217. 
Collins A., Allinson D.W. (1995) Growth-Rate of Herbage Initially Dominated by Reed 
Canarygrass or Tall Fescue. J Prod Agric 8:227-232. 
Council Directive 2003/30/EC (2003) On the promotion of the use of biofuels or other renewable 
fuels for transport,  O.J. (L 123) 42  
Crutzen P., Mosier A., Smith K., Winiwarter W. (2008) N2O release from agro-biofuel 
production negates global warming reduction by replacing fossil fuels. Atmos Chem Phys 
8:389-295. 
EIA (2009a) Renewable Energy Annual 2007, United States Department of Energy, Washington, 
DC. 
EIA (2009b) Renewable Energy Trends in Consumption and Electricity 2007, United States 
Department of Energy Washington, DC. 
EPA (2009) Regulation of Fuels and Fuel Additives: Changes to Renewable Fuel Standard 
Program; Proposed Rule, Federal Register 74:99  pp. 24903-25143. 
EPA (2010) Renewable Fuel Standard Program (RFS2) Regulatory Impact Analysis, , 
Washington, DC. 
Farrell A.E., Plevin R.J., Turner B.T., Jones A.D., O'Hare M., Kammen D.M. (2006) Ethanol Can 
Contribute to Energy and Environmental Goals. Science 311:506-508. 
Henderson A.R., McDonald P. (1974) The Effect of Delayed Sealing on Fermentation and Losses 
During Ensilage. J Sci Food Agric 26:653-667. 
Henderson A.R., McDonald P., Woolford M.K. (1972) Chemical Changes and Losses during the 
Ensilage of Wilted Grass Treated with Formic Acid. J Sci Food Agric 23:1079-1087. 
Henk L.L., Linden J.C. (1994) Silage Processing of Forage Biomass to Alcohol Fuel, in: M. 
Himmel (Ed.), Enzymatic Conversion of Biomass for Fuels Production, American 
Chemical Society, Washington, DC. 
Hoglund C. (1965) Some economic considerations in selecting storage systems for haylage and 





Honig H. (1991) Reducing losses during storage and unloading of silage, Conference on forage 
conservation towards 2000, Braunschweig, Germany. 
Huhnke R.L. (1990) Round Bale Wheat Hay Storage Losses. Applied Engineering in Agriculture 
6:569-574. 
Huo H., Wang M., Bloyd C., Putsche V. (2008) Life-Cycle Assessment of Energy and 
Greenhouse Gas Effects of Soybean-Derived Biodiesel and Renewable Fuels, Argonne 
National Laboratory. 
Jackson H.A., Lessard J.R. (1977) Effects of moisture content on corn silage density and storage 
losses in a large tower silo. Canadian Agricultural Engineering 19:57-58. 
Jacobson J., Searcy E., Muth D., Wilkerson E., Sokhansanj S., Jenkins B., Tittman P., Parker N., 
Hart Q., Nelson R. (2009) Sustainable Biomass Supply Systems, Idaho National 
Laboratory. 
Johnson L.M., Harrison J.H., Davidson D., Mahanna W.C., Shinners K.J. (2003) Corn Silage 
Management: Effects of Hybrid, Maturity, Innoculation, and Mechanical Processing on 
Fermentation Characteristics. J Dairy Sci 86:287-308. 
Khanchi A., Jones C.L., Sharma B. (2009) Characteristics and compositional variation in round 
and square sorghum bales under different storage conditions, ASABE Annual 
International Meeting, ASABE, Reno, NV. 
Khorvash M., Colombatto D., Beauchemin K.A., Ghorbani G.R., Samei A. (2006) Use of 
absorbants and inoculants to enhance the quality of corn silage. Can J Anim Sci 86:97-
107. 
Kim Y., Ladisch M.R., Friedemann P., Lickfeldt D.W., Armstrong K., Mosier N.S. (2009) Rates 
and Yields of Cellulosic Ethanol from Maize Silage with Effect of Brown Midrib 
Mutations, 31st Symposium in Biotechnology for Fuels and Chemicals, San Francisco 
CA. 
Kumar A., Sokhansanj S. (2007) Switchgrass (Panicum vigratum, L.) delivery to a biorefinery 
using integrated biomass supply analysis and logistics (IBSAL) model. Bioresour 
Technol 98:1033-1044. 
Leibensperger R.Y., Pitt R.E. (1988) Modeling the Effects of Formic Acid and Molasses on 
Ensilage. J Dairy Sci 71:1220-1231. 
Liska A.J., Cassman K.G. (2008) Towards Standardization of Life-Cycle Metrics for Biofuels: 
Greenhouse Gas Emissions Mitigation and Net Energy Yield. Journal of Biobased 
Materials and Bioenergy 2:187-203. 
Magan N., Aldred D. (2007) Post-harvest control strategies: minimizing mycotoxins in the food 
chain. Int J Food Microbiol 119:131-9.  
Mani S., Patterson J., Bi X., Sokhansanj S. (2006) Modeling of the Wet Storage of Biomass, 




Mayne C.S., Gordon F.J. (1986) Effect of harvesting system on nutrient losses during silage 
making. 2. In-silo losses. Grass Forage Sci 41:341-351. 
McCormick M.E., Cuomo G.J., Blouin D.C. (1998) Annual ryegrass stored as balage, haylage, or 
hay for lactating dairy cows. J Prod Agric 11:293-300. 
McDonald P. (1981) The Biochemistry of Silage John Wiley & Sons. 
McDonald P., Henderson A.R., Whittenbury R. (1966) The effect of temperature on ensilage. J 
Sci Food Agric 17:476-480. 
McDonald P., Henderson A.R., MacGregor A.W. (1968) Chemical changes and losses during the 
ensilage of wilted grass. J Sci Food Agric 19:125-132. 
McDonald P., Henderson A.R., Heron S.J.E. (1991) The Biochemistry of Silage (Second Edition). 
Second ed. Chalcombe Publications, Marlow, Buckinghamshire, UK. 
McDonald P., Stirling A.C., Henderson A.R., Whittenbury R. (1962) Fermentation studies on wet 
herbage. J Sci Food Agric 13:581-590. 
McDonald P., Stirling A.C., Henderson A.R., Whittenbury R. (1964) Fermentation studies on 
inoculated herbages. J Sci Food Agric 15:429-436. 
McGechan M.B. (1990) A Review of Losses Arising During Conservation of Grass Forage: Part 
2, Storage Losses. Agricultural Engineering Research 45:1-30. 
Miller S.A., Theis T.L. (2006) Comparison of Life-Cycle Inventory Databases. J Ind Ecol 
10:133-147. 
Monti A., Fazio S., Venturi G. (2009) The descrepancy between plot and field yields: Harvest and 
storage losses of switchgrass. Biomass Bioenergy 33:841-847. 
Muck R.E., Holmes B. (2007) Packing Bunkers and Piles to Maximize Forage Preservation, Sixth 
International Dairy Housing Conference Proceeding, ASABE, Minneapolis, Minnesota. 
Mullins K.A., Griffin W.M., Matthews H.S. (2011) Policy Implications of Uncertainty in 
Modeled Life-Cycle Greenhouse Gas Emissions of Biofuels. Environ Sci Technol 
45:132-138. 
Oelberg T.J., Clark A.K., McGuffey R.J., Schingoethe D.J. (1983) Evaluation of Covering, Dry-
Matter, and Preservative at Ensiling of Alfalfa in Bunker Silos. J Dairy Sci 66:1057-1068. 
Patzek T.W. (2004) Thermodynamics of the Corn-Ethanol Biofuel Cycle. Crit Rev Plant Sci 
23:519-567. 
Perlack R.D., Turhollow A.F. (2002) Assessment of options for the collection, handling, and 
transport of corn stover, Oak Ridge National Laboratory. 
Perlack R.D., Turhollow A. (2003) Feedstock cost analysis of corn stover residues for futher 




Pitt R. (1990) Silage and Hay Preservation, Northeast Regional Agricultural Engineering Service, 
Ithaca, New York. 
Pitt R.E., Leibensperger R.Y. (1987) The Effectiveness of Silage Innoculants: A Systems 
Approach. Agric Sys 25:27-49. 
Richey C.B., Liljedahl J.B., Lechtenberg V.L. (1982) Corn Stover Harvest for Energy Production. 
Transactions of the ASAE 25. 
Rotz C.A., Muck R.E. (1994) Changes in forage quality during harvest and storage, in: G. C. 
Fahey (Ed.), National Conference on Forage Quality, Evaluation, and Utilization, Forage 
Quality, Evaluation, and Utilization, University of Nebraska, Lincoln, NE. pp. 828-868. 
Rotz C.A., Borton L.R., Black J.R. (1991) Harvest and storage losses with alternative forage 
harvesting methods, Proceedings of the American Forage and Grassland Conference, 
American Forage and Grassland Council, Georgetown, TX. pp. 210-213. 
Sanderson M.A., Egg R.P., Wiselogel A.E. (1997) Biomass losses during harvest and storage of 
switchgrass. Biomass Bioenergy 12:107-114. 
Savoie P., Jofriet J.C. (2003) Silage Storage, Silage Science and Technology, American Society 
of Agronomy, Crop Science Society of America, Soil Science Society of America, 
Madison, WI. 
Savoie P., D'Amours L., Amyot A., Theriault R. (2006) Effect of density, cover, depth, and 
storage time on dry matter loss of corn silage boom, ASAE, ASAE, St. Joseph, Michigan. 
Searchinger T., Heimlich R., Houghton R.A., Dong F., Elobeid A., Fabiosa J., Tokgoz S., Hayes 
D., Yu T.-H. (2008) Use of US Croplands for Biofuels Increases Greenhouse Gases 
Through Emissions from Land-Use Change. Science 319. 
Searchinger T.D., Hamburg S.P., Melillo J., Chameides W., Havlik P., Kammen D.M., Likens 
G.E., Lubowski R.N., Obersteiner M., Oppenheimer M., Robertson G.P., Schlesinger 
W.H., Tilman G.D. (2009) Climate change. Fixing a critical climate accounting error. 
Science 326:527-8.  
Shinners K.J., Binversie B.N., Muck R.E., Weimer P.J. (2007) Comparison of wet and dry corn 
stover harvest and storage. Biomass Bioenergy 31:211-221. 
Shinners K.J., Boettcher G.C., Muck R.E., Weimer P.J., Casler M.D. (2010) Harvest and Storage 
of Two Perennial Grasses as Biomass Feedstocks. Transactions of the ASABE 53:359-
370. 
Shinners K.J., Boettcher G.C., Hoffman D.S., Munk J.T., Muck R.E., Weimer P.J. (2009) Single-
Pass Harvest of Corn Grain and Stover: Performance of Three Harvester Configurations. 
Transactions of the ASABE 52:51-60. 
Singh K., Honig H., Wermke M., Zimmer E. (1996) Fermentation pattern and changes in cell 





Sokhansanj S., Kumar A., Turhollow A.F. (2006) Development and implementation of integrated 
biomass supply analysis and logistics model (IBSAL). Biomass Bioenergy 30:838-847. 
Sokhansanj S., Turhollow A., Wilkerson E. (2008) Development of the Integrated Biomass 
Supply Analysis and Logistics Model (IBSAL), Oak Ridge National Laboratory, Oak 
Ridge, Tennessee. 
Turhollow A.E., Sokhansanj S. (2007) Costs of Harvesting, Storing in a Large Pile, and 
Transporting Corn Stover in a Wet Form. Applied Engineering in Agriculture 23:439-448. 
USDA (2007) Corn for silage, yield, 2007. Census of Agriculture, 
http://www.nass.usda.gov/index.asp 
Verma L.R., Nelson B.D. (1983) Changes in Round Bales During Storage. Transactions of the 
ASABE 26:328-332. 
Weinberg Z.G., Ashbell G. (1994) Changes in gas composition in corn silages in bunker silos 
during storage and feedout. Canadian Agricultural Engineering 36:155-158. 
Williams A.G., Hoxey R.P., Lowe J.F. (1997) Changes in temperature and silo gas composition 
during ensiling, storage and feeding-out grass silage. Grass Forage Sci 52:176-189. 
Wu M., Wu Y., Wang M. (2005) Mobility Chains Analysis of Technologies for Passenger Cars 
and Light-Duty Vehicles Fueled with Biofuels: Application of the GREET Model to the 
Role of Biomass in America's Future (RBAEF) Project, Argonne National Laboratory. 
Wu M., Wang M., Huo H. (2006) Fuel-Cycle Assessment of Selected Bioethanol Production 
Pathways in the United States, Argonne National Laboratory, Argonne, IL. 
Xu J., Thomsen M.H., Thomsen A.B. (2009) Feasibility of Hydrothermal Pretreatment on Maize 
Silage for Bioethanol Production. Appl Biochem Biotechnol 162:33-42. 
Yigezu Y.A., Alexander C.E., Preckel P.V., Maier D.E., Woloshuck C.P., Mason L.J., Lawrence 





CHAPTER 3. SENSITIVITY ANALYSIS OF GREENHOUSE GAS EMISSIONS FROM 
BIOFUELS TO BIOMASS STORAGE PARAMETERS IN GREET 
3.1 Introduction 
Biomass losses during storage may contribute directly to net GHG emissions from biofuel 
production.  Decomposition produces many by-products, including CO2, CH4, and N2O.  While 
loss of plant carbon as CO2 is not considered a net emission due to plant uptake of CO2 during 
growth, release of CH4 and N2O during storage would contribute to net GHG emissions.  In this 
study, we used GREET to estimate the potential combined impact of direct emissions from 
biomass during storage and the indirect effects of increased feedstock production requirements on 
the net GHG emissions of ethanol produced from corn stover at an American biofuel facility. 
In order to gauge the real impact of the GREET parameters affected by dry matter losses, we 
selected a case study, the Project Liberty corn stover-to-ethanol facility under construction in Palo 
Alto county, Iowa (DOE, 2007).  While a simple estimation of the potential impacts of DM losses 
was examined in Chapter 2, here we also included the direct emissions from decomposition under 
several storage scenarios, and examined the impacts on the net GHG emissions from an ethanol 
plant currently under development.  Three potential storage pathways were modeled: dry bales, 
wet piles, and silage, shown in Figure 3.1.  Dry bales are currently the most common storage 
method, and we examined both indoor and outdoor storage scenarios.  Wet piles have been 
proposed as an effective high-density, centralized storage technique (Atchison & Hettenhaus, 
2004), and ensiling stover may provide a similar degree of stability from a more distributed 
storage system.  The GREET model was used to calculate net GHG emissions for each pathway.  
To accommodate off-gassing from decomposing biomass and storage losses’ effect on upstream 
factors such as transportation, inputs to many fields were determined independently. 
The GREET model accounts for GHG emissions during all stages of feedstock 
production, transportation, and processing , including fertilizer production, direct on-farm 
emissions from equipment and soil, and estimated energy use and cogeneration during fuel 
production.   In addition, this study included dry matter losses during storage by accounting for 




feedstock to the bio-ethanol plant gate, as well as estimated direct emissions from biomass 
decomposition.  
 This analysis expands on the results from the assessment in Chapter 2 by including 
estimates of direct emissions of methane and nitrous oxide during storage, using location-specific 
data for corn acreage and yields in Palo Alto County, Iowa, and examining differences in 
transportation requirements of centralized and distributed storage systems.  Because only one 
feedstock is examined, the effects of these factors on life cycle GHG emissions from corn stover 
ethanol are calculated independently of the emissions from products of the corn grain.  Baling and 
biomass processing energy are assumed to be the same for all pathways, and emissions associated 
with storage infrastructure are not considered. Our functional unit is one MJ of ethanol. 
 
3.2 Methods 
3.2.1 Modeling Off-Gassing from Stored Biomass 
Studies show that both nitrous oxide and methane can be produced during ensiling of forages 
(Meiering et al., 1988, Moisio, 1979, Spoelstra, 1983, Wang &  Burris, 1960). Unfortunately, 
most published data is of limited use in determining net greenhouse gas emissions during storage 
because the data do not include total gas generated or total biomass from which gasses were 
emitted, making it difficult to assess emissions rates for a life cycle analysis. Some studies of 
added nitrate loss during ensiling and mass flows during manure storage account for a 
 
 




proportion (roughly 0.5-3%) of nitrogen lost as  N2O  (Ataku, 1982, Spoelstra, 1985; Martins and 
Dewes, 1992, Petersen et al., 1998). 
The best available data on direct emissions from decomposition comes from studies of 
off-gassing from compost.  Reports of total initial N lost as N2O range from 0.4% to 3.0%, with 
lower emissions generally corresponding to higher temperatures (Beck-Friis et al., 2001, Brown 
et al., 2008, Hassouna et al., 2008, Hellebrand, 1998, Hui et al., 2003, Martins and Dewes, 1992, 
Petersen et al., 1998).  Hellebrand also found 1.7% of C was emitted as CH4 during composting 
of green wastes, within the range of 0.2% to 2.5% of initial C in composting studies reviewed by 
(Brown et al., 2008).  Carbon and nitrogen losses and emissions may scale on a dry mass loss 
basis between composting studies and biomass storage (Hassouna et al., 2008).  This provides a 
useful baseline for estimating order of magnitude N losses during biofuel feedstock storage.   
High, low, and moderate emission rates of CH4 and N2O from decaying biomass in 
storage were estimated from the literature.  Methane emissions  were modeled at 0.11% (Kuang 
et al., 2009), 0.46% (Kuang et al., 2009), and 1.70% of C in lost biomass as CH4 (Hellebrand, 
1998).  Nitrous oxide emissions were modeled at 0.5% of N in lost biomass as N2O (Hellebrand, 
1998, Petersen et al., 1998), 1.1% (Martins and Dewes, 1992, Mosier et al., 2006), and 2.6% 
(Martins and Dewes, 1992).  Low, moderate, and high emissions scenarios for each gas were 
combined to generate three emissions scenarios.  Scenarios were modeled in GREET version 1.8 
using the ‘N2O credit: N avoided’ input value, which is intended to represent a reduction in 
emissions which would have occurred had the feedstock been left on the field.  Emissions during 
storage were calculated and subtracted from the emissions reduction.  CH4 emission rates were 
converted to equivalent N2O emissions using equation 3.1. Total emission rates per unit biomass 
at the plant gate were determined by adding the CH4 and N2O emissions, multiplying the total 
emissions for lost biomass by the production increase associated with each level of DM loss, then 
subtracted from the N2O credit for avoided emissions through biomass harvest (Eq. 3.2).  A 
comprehensive table of resulting GREET input values for each off-gassing rate at 5 levels of dry 
matter loss in each storage pathway is included in Appendix C. (𝐶𝐻4 𝑎𝑠 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 ′%N as N2O')
= (% 𝐶 𝑙𝑜𝑠𝑡 𝑎𝑠 𝐶𝐻4) × (𝐶 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠) × (𝐺𝑊𝑃 𝑜𝑓 𝐶𝐻4)(𝐶 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐶𝐻4)(𝑁 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠) × (𝐺𝑊𝑃 𝑜𝑓 𝑁2𝑂)(𝑁 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑁2𝑂)  





 (𝐺𝑅𝐸𝐸𝑇 𝐼𝑛𝑝𝑢𝑡 𝑣𝑎𝑙𝑢𝑒) = (𝑁2𝑂 𝐶𝑟𝑒𝑑𝑖𝑡:𝑁 𝑎𝑣𝑜𝑖𝑑𝑒𝑑) × (1 + % 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒) +[(𝐶𝐻4 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑎𝑠 𝑁2𝑂 𝑒𝑞. ) + (𝑁2𝑂 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠)] × (% 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒) Eq. 3.2 
 
3.2.2 Transportation Distance 
Storage losses may affect transportation in a more complex way than by a simple 
increased production multiplier.  Because of the very large annual biomass demand of a large-
scale bioethanol facility, it is reasonable to assume that not all of the biomass will be stored on-
site, requiring biomass to be transported before and after storage.  Bales may change weight 
during storage, while trucks could still be limited by the number of bales, and not their weight, 
requiring more trips per unit of dry matter delivered to the ethanol plant.  In this assessment, we 
modeled three transportation options: dry storage of bales at 50 sites, silage storage at 50 sites, 
and centralized wet pile storage at 3 sites.  Bale transportation was limited to 26 large rectangular 
bales (1.2x1.2x2.7 meters), the maximum capacity by volume of a single flatbed truck complying 
with common transportation regulations (Perlack &  Turhollow, 2002).  Silage and wet biomass 
transport was limited by weight, not volume, at 25 tons wet weight per trip (Perlack &  Turhollow, 
2003). 
To account for changes in total transportation distance at each level of dry matter loss, 
two transportation steps (pre- and post-strange) were calculated and added together.  We modeled 
each storage facility as being supplied by a circular supply area, the size of which was determined 
by the facility’s demand on feedstock (d), calculated as a fraction of the total biofuel feedstock 
demand, including the additional production required due to dry matter loss, and availability 
factors including the density of corn acreage (f), the percentage of farmers selling stover (p) and 
the average stover yield (y) (Eq 3.3) (Perlack &  Turhollow, 2002). Post-storage transportation to 
the biofuel production facility was calculated similarly, assuming that all storage facilities were 
evenly distributed within a circular supply area around the ethanol production facility.  This was 
calculated separately for each pathway.  All distances were rounded to the nearest mile for input 
to GREET.  All GREET inputs, including transportation distance and weight calculations, are 
shown in Appendix C. 












Table 3.1 GREET inputs for baseline model simulations (note that GREET uses a combination of 
SI and US units). 
   Dry Stover  Wet Stover  Ensiled Stover     
Ethanol yield  305.3 305.3 305.3 L/Mg 
Electricity cogeneration  -1.15 -1.15 -1.15 MJ/L 
Corn Yield  12.45 12.45 12.45 Mg/ha 
Harvested / Planted Acres  98.3 98.3 98.3 % 
Collection rate  38.3 38.3 38.3 % 
K2O Fertilizer  14.60 14.60 14.60 kg/Mg 
P2O5 Fertilizer  2.87 2.87 2.87 kg/Mg 
N Fertilizer  8.00 8.00 8.00 kg/Mg 
% Field N as N2O  3.13 3.13 3.13 % 
Moisture % transport  15 50 50 % 
Distance Transported  38.6 54.7 38.6 km 
Mass per Haul  22.2 27.8 27.8 Mg 
 
3.2.3 Dry Matter Loss and Increased Feedstock Production 
 Likely dry matter losses during storage were determined based upon an assessment of the 
available literature (see Chapter 2).  A percentile distribution by rank was used to estimate the 
severity of likely and extreme (high and low) losses for dry (baled) and wet (ensiled) biomass 
(Table 2.2).  In addition to these losses, 2% of dry matter was assumed to be lost during 
transportation and processing (Kumar & Sokhansanj, 2007, Sanderson et al., 1997). An increase 
in feedstock production is necessary under DM loss scenarios to meet demand at the plant gate, 
calculated using Equation 2.1.  To model the effects of DM loss on feedstock production factors 
upstream of biomass storage, fertilizer and pesticide application rates, on-farm energy use, and 
soil and biomass N2O emission rates were increased proportionally to the increase in production.  
GREET inputs, including assumed biomass moisture content and soil N2O emissions rates, 
changes in inputs for each pathway at each level of DM loss, and input values for N2O emissions 
from biomass are shown in Appendix C. 
Fertilizer and pesticide application are not included by default in GREET assessments of 
ethanol produced from corn stover.  However, when stover is removed from fields on a large 
scale it is necessary to increase fertilizer rates to replace nutrients lost when biomass is removed 
from the field (Brechbill & Tyner, 2009).  We used the average of five stover nutrient 




rates while all five reported P2O4 and K2O rates (see baseline GREET inputs in Appendix C) 
(Fixen, 2007, Lang, 2002, Nielsen, 1995, Petrolia, 2006, Schechinger & Hettenhaus, 2004). 
Region-specific GREET parameters, such as the fraction of acreage planted in corn, the 
fraction of harvested/planted acres, and average corn yield were determined by averaging USDA 
NASS survey data for 3 most recent years available: 2007, 2008, and 2009.  Results were 57.3% 
acres planted in corn, 98.3% of corn acres harvested, and 178.9 bushels per acre (USDA-NASS, 
2009).  The regional electricity production mix was sourced from the US EPA Emissions & 
Generation Resource Integrated Database (eGRID) (EPA, 2007).  GREET inputs for all model 
scenarios are reported in Appendix C. 
 
3.2.4 Sensitivity Analysis 
 We tested the sensitivity of the life cycle GHG emissions from corn stover ethanol to 
several model parameters using a log gains analysis.  Dry matter production, ethanol yield from 
biomass (with and without related changes in electricity cogeneration from waste solids), corn 
stover harvest efficiency, transportation distance, corn stover moisture, and off-gassing during 
storage were selected based on their significance in the production of bioethanol and their 
relevance to this study.  Sensitivity of the GREET model (including the storage loss input 
modifications reported here) was determined by running a set of scenarios in which each 
parameter was altered individually.  Log gains were calculated by dividing the percent change in 
net GHG emissions between each scenario and the baseline by the net change in the parameter of 
interest. 
Sensitivity to moisture content was assessed for dry bales by comparing the baseline  
(15% moisture) with a 25% moisture case, and for wet storage (piles & silage) by comparing the 
50% moisture baseline with a 70% moisture case.  For ethanol yield, the 303 L/Mg (72.6 gal/ton) 
baseline was compared with the GREET default 396 L/Mg (95 gal/ton) scenario; when including 
electricity cogeneration, that rate was reduced from 1.14 MJ/L (1.2 kwh/gal) to 0.544 MJ/L 
(0.572 kwh/gal) in the GREET default scenario.  Harvest efficiency scenarios were 38.5% 
(baseline) and 50% (test case) for dry biomass, and 38.5% (baseline) and 70% (test case) for wet 
biomass.  Sensitivity to increases in biomass production was determined by comparing the 
baseline (no storage losses) case with the median loss case for each storage pathway.  The 
difference between the low and high methane and nitrous oxide emissions rates was used to 
determine sensitivity to direct off-gassing during storage.  Sensitivity to transportation was 




transportation was increased to match the median storage loss case, without changing other 
parameters associated with dry matter loss.  Results are reported in table 3.5. 
 
3.3 Results 
3.3.1 Life Cycle GHG Emissions 
 As shown in Chapter 2, adjusting GREET model parameters to reflect an increase in corn 
stover production due to dry matter loss can result in substantial increases in GHG emissions 
from cellulosic ethanol .  Figure 3.2 displays the ranges of likely net emissions from each storage 
pathway given a moderate level of direct off-gassing during storage.  Very high losses during 
outdoor storage of dry bales double the GHG intensity of corn stover ethanol from 21.4 
gCO2e/MJ (baseline, no storage losses) to 44.7 gCO2e/MJ (38.5% DM lost in storage).  Indoor 
storage of dry bales could greatly reduce storage losses and emissions to 21.8 to 26.0 gCO2e/MJ 
(5th-95th percentile range).  Ensiling shows a moderate range in potential emissions (5th-95th 
percentile range: 23.1 to 32.1 gCO2e/MJ, or up to a 47% increase over baseline), while 
centralized wet pile storage has slightly higher emissions at (23.8 to 33.0 gCO2e/MJ, up to a 46% 
increase over baseline). 
The results shown in Figure 3.2 assume a moderate emissions scenario for direct 
emissions during storage.  However, as described above, the values for GHG emissions during 
decomposition provide a 14-fold uncertainty in off-gassing rates from stored biomass.  Using 
lower or higher off-gassing rates for CH4 and N2O may have a large impact on net GHG 
emissions.  Table 3.2 shows differences from the moderate emissions scenario in net life cycle 
GHG emissions if the low or high off-gassing rates are used.  Results are shown for each storage 
pathway and for very low, median, and very high DM loss rates (5th, 50th, and 95th percentiles 
from Table 2.2). 
At low levels of dry matter loss, the differences between off-gassing rates are minor.  
Lower emissions rates reduce the net life cycle emissions from ethanol production by only 5% to 
8% in the strongest cases.  However, higher rates of greenhouse gas emissions from stored 
biomass could have a significant impact.  High off-gassing rates increased the carbon intensity of 
ethanol produced from silage or bales stored outdoors by 7.1% to 10.5% in a median storage loss 
scenario, or 16.4% to 24.8% in a very high storage loss scenario above the carbon intensity 
calculated using moderate off-gassing rates.  Under combined high off-gassing rate and high dry 





Figure 3.2 Effects of four corn stover storage scenarios on net bioethanol GHG emissions.  Plots 
show emissions from percentile distributions of storage losses for each storage method (In and 
Out indicate indoor and outdoor dry bale storage).  
 
 
Table 3.2 Variation in net GHG emissions from bioethanol due to low and high rates of off-
gassing from biomass lost in storage. 
Change from moderate off-gassing rate scenario (gCO2e/MJ):  
 Dry In  Dry Out  Wet  Silage  
%ile:  Low  High Low  High Low  High Low  High 
5  -0.05  0.15  -0.27  0.88  -0.20  0.61  -0.20  0.61  
50  -0.31  1.05  -0.92  2.88  -0.58  1.80  -0.58  1.80  




for 13.1%, 41.7%, 24.3%, and 26.3% of net GHG emissions from the finished fuel in the dry 
indoor, dry outdoor, wet pile, and silage pathways, respectively. 
 
3.3.2 Transportation 
Transportation needs vary dramatically between the biomass supply pathways examined.  
Dry storage requires fewer miles driven at low DM loss levels, but overtakes ensiled stover in the 
upper quartile of expected losses and is equivalent to wet pile storage at extreme losses, as shown 
in Figure 3.3.  At median predicted levels of storage losses, total distance driven by trucks 
carrying feedstock varies between 2.2 x106, 2.5 x106, 3.2 x106, and 4.1 x106 km between indoor 
bale storage, outdoor bale storage, distributed wet storage (silage), and centralized wet storage 
(wet piles).  Though wet biomass often has higher dry matter density as well as bulk density, the 
additional water weight poses challenges for truck transport.  Trucks transporting wet biomass 
reach weight limits before achieving their full volume, unlike lighter dry bales which are 
restricted by highway width and volume limits.  Wet storage pathways required more distance 
travelled than dry bale storage in nearly all cases.  Centralized storage has higher overall 
transportation requirements and greater sensitivity to dry matter loss because each unit of biomass 
must be moved farther before losses occur, increasing the miles driven per unit of feedstock 
delivered to the ethanol plant. 
 
 
Figure 3.3 The effects of storage losses on transportation distances.  Lines show the total distance 
driven by truck to supply a biorefinery under four feedstock storage scenarios given five dry 






































Variability in total transportation distance due to dry matter loss differs considerably 
between storage pathways.  The ranges of dry matter loss considered in this study may cause total 
feedstock transport distance to vary from 2.1 - 2.4 x106, 2.2 - 4.2 x106, 3.1 - 3.6 x106, and 3.9 - 
4.7 x106 km for indoor bale storage, outdoor bale storage, distributed wet storage (silage), and 
centralized wet storage (wet piles). 
 
3.3.3 Sensitivity Analysis 
Model sensitivity to stover production, moisture content, and harvest rate, feedstock 
transportation distance, GHG emission rates during storage, ethanol yield, and electricity 
cogeneration rate was assessed for life cycle GHG emissions from ethanol production.  Results 
are shown in Table 3.5.  Production of corn stover - which includes upstream factors like fertilizer 
use, farming energy, storage, and transportation - has the greatest effect, followed by ethanol 
yield.  When residual (non-fermented) biomass is used for electricity generation, the influence of 
ethanol yield is reduced, although it remains more influential than most of the other factors 
considered.  Harvest efficiency has a greater effect than transportation in wet storage pathways, 
but the reverse is true for dry bale storage.  Changes in moisture content appear more significant 
for wet biomass than dry bales, due to the direct effect of moisture content on the weight-limited 
transportation of wet feedstock. The impact of moisture content on wet storage was assessed 
between 50% and 70% moisture, largely within the range above 53% moisture identified by 
Perlack and Turhollow (2003) in which transportation capacity is limited by mass, not volume, 
and thus dry matter moved per truck is directly dependent on moisture content. 
On a log gains basis, sensitivity of the model pathways tested to direct emissions of non-
CO2 greenhouse gasses during storage is very low.  Modeled GHG emissions increased only 
0.004% to 0.01% per 1% change in methane and nitrous oxide emissions during storage.  The  
 
Table 3.3 Log gains analysis showing % change in net GHG emissions per % change in factor 
value for each pathway. 
Sensitivity Analysis: Log Gains 
 Dry In  Dry Out  Wet  Silage  
DM Production  1.699  1.715  1.524  1.573  
Yield:  -1.032  -0.995  -1.007  -1.013  
Yield + e- Cogen:  -0.249  -0.321  -0.298  -0.285  
Harvest Efficiency  -0.112  -0.108  -0.094  -0.086  
Transportation:  0.100  0.076  0.105  0.077  
% Moisture:  0.012  0.013  0.157  0.115  




wide range in influence of non-CO2 GHG emission rates during storage on net GHG emissions 
reported above can be explained by considering the 300% to over 900% increases in off-gassing 
rates modeled, reflecting substantial uncertainty over these parameters in the literature. 
 
3.3.4 Harvest Efficiency 
Some studies show that higher corn stover harvest efficiencies can be achieved, 
particularly when stover is harvested fresh rather than being allowed to dry on the field.  Atchison 
and Hettenhaus reported reliable harvest efficiencies of up to 70% (Atchison & Hettenhaus, 2004).  
We tested the impact of this scenario on greenhouse gas emissions using the silage and wet pile 
storage pathways.  Increasing wet stover harvest efficiency from 50% to 70% reduced GHG 
intensity by 1.9, 2.0, and 2.3 g CO2/MJ (8.0%, 7.7%, and 7.0% of net emissions) for centralized 
wet pile storage, and by 1.7, 1.8, and 2.2 g CO2/MJ (7.4%, 7.0%, and 6.7% of net emissions) for 
distributed silo storage (at the 5th, 50th, and 95th percentile storage losses, respectively). 
 
3.4 Discussion & Conclusions 
The case studies presented here of life cycle greenhouse gas emissions from fuel ethanol 
produced at a corn stover biochemical conversion plant located in Palo Alto County, Iowa 
support the conclusion from chapter 2 that the biomass feedstock supply chain – particularly 
harvest and storage parameters – may play a key role in determining the extent of greenhouse gas 
reductions of biofuels over conventional fossil fuels. 
Biomass storage losses interact with other model parameters in nonlinear and nontrivial 
ways.  The scenarios in this study show that transportation of dry bales is more affected by dry 
matter loss than transportation of wet biomass in part because losses were assumed not to affect 
bale volume sufficiently to allow trucks to carry additional bales.  With additional knowledge of 
the distribution of dry matter loss at a large-scale bale storage facility, a more complex model 
could take into account the reduction in volume associated with severe dry matter loss, the cost 
effectiveness of re-baling or discarding damaged bales, and other factors relating bale damage to 
dry matter transport.  It is also important to note that the case study location, Palo Alto County, 
Iowa, is one of the most densely planted and high-yielding corn-growing regions of the Midwest, 
and therefore provides a smaller supply radius than may be available to biomass ethanol facilities 
in other regions.  The transportation impacts seen here would be amplified by lower yields of 




Including estimated emissions of methane and nitrous oxide during biomass storage in 
effect exaggerates the conclusions of the dry matter loss assessment in chapter two.  Rates of 
greenhouse gas emissions during storage of biofuel feedstocks are even less well understood than 
dry matter losses, with a few published studies reporting a wide range of possible values.  The 
nearly 10-fold range surveyed here demonstrates that direct GHG emissions during storage are a 
factor potentially as influential as any other major driver of the carbon intensity of biofuel ethanol.  
While sensitivity analysis shows that small variability in off-gassing likely have a subtle effect on 
net life cycle emissions, it may be crucial for an accurate model to include a storage off-gassing 
parameter.  At any rate, direct emissions of CH4 and N2O from decomposing biomass during 
storage magnify the effects of dry matter losses.  Lacking data on emissions during biofuel 
feedstock storage, it is difficult to assess whether the impacts are minor or severe, but in a worst-
case scenario of moderate or high dry matter loss and high rates of GHG emissions during storage 
net emissions from fuel ethanol would be dramatically affected, and the reduction in emissions 
versus conventional fuels would be significantly reduced.   
Regulations governing production mandates and subsidies for biofuels in the US 
categorize fuels in part based upon the reduction in life cycle greenhouse gas emissions over 
conventional gasoline, as calculated by a combination of GREET and other models.  Significant 
values are a 50% reduction necessary for a fuel to qualify as 'advanced' and a 60% reduction to 
gain the greater subsidy for 'cellulosic' biofuels.  The baseline cases in this study generate 78%, 
76%, and 77% reductions in emissions over gasoline for ethanol produced from dry bales, wet 
pile storage, and silage, respectively.  At median levels of estimated dry matter loss for each 
pathway, gains over gasoline are reduced to 75%, 71%, 73%, and 74% for bales stored indoors 
and outdoors, in wet piles, and silage.  While this still provides a significant buffer below the 60% 
emissions reduction category, severe losses of dry matter during storage bring that pathway to 
only a 53% reduction over gasoline. 
These figures assume a moderate rate of direct emissions during storage.  While reducing 
that rate to the lower rate modeled in this study has a slight buffering effect on the severity of dry 
matter loss - increasing the reduction in emissions over gasoline by 0.3%-1.0% at median levels 
of DM loss - a higher rate of emissions, such as those reported by (Hellebrand, 1998, Martins & 
Dewes, 1992), could cut gains over gasoline by 1.1% - 3.0% at median levels of DM loss or 2.3% 
- 11.6% under high storage losses.  Such variability dwarfs the effects of other variables 
considered here such as stover harvest efficiency and transportation requirements, which are 




feedstocks in storage and the rates of methane and nitrous oxide emissions during decomposition 
may be relatively narrow in a well-controlled biomass supply system, and the highest values 
reported here may reflect extreme cases not representative of annual biomass supply to a 
biorefinery.  Still, a better understanding of the interplay between these factors, and the risk that 
they may pose to the sustainability, regulation, and profitability of the global biofuel industry is 
clearly necessary. 
Management and supply chain options exist for reducing farmer and ethanol plant 
operator risk to dry matter loss and associated logistical, regulatory, and economic implications.  
Simply covering bales to protect them from rain and the most severe weathering may drastically 
reduce risk of dry matter loss.  Methane and nitrous oxide formation from biomass are likely 
dependent on a number of environmental conditions, including temperature, which could be 
controlled or mitigated should the environmental and regulatory impact of such emissions be 
extremely costly.  In any case, it will be necessary to compare the relative costs of storage losses, 
storage infrastructure, and transportation for more- and less-centralized storage regimes to limit 
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CHAPTER 4. BIOMASS STORAGE OPTIONS INFLUENCE NET ENERGY AND 
EMISSIONS OF CELLULOSIC ETHANOL 
4.1 Abstract 
Crop yield is one of the key factors that governs the environmental impacts of an energy 
crop and the biofuel produced from it.  Biomass is lost at each stage during crop harvest and 
storage, potentially resulting in a large cumulative decrease in effective yield between the 
standing crop and the biorefinery gate. These losses can have effects on environmental 
performance of biofuels from cellulosic feedstocks by indirectly increasing agricultural inputs per 
unit of fuel, and through direct emission of pollutants during biomass decomposition in storage.  
In this study, we expand the GREETTM (Greenhouse gases, Regulated Emissions, and Energy use 
in Transportation) model to include parameters for harvest and storage of dry bales, bale silage, 
and bulk silage, and examine the potential impact of the biomass supply chain on energy use and 
air pollutants from cellulosic ethanol from corn stover, switchgrass, and miscanthus feedstocks. 
A review of storage methods shows substantial differences in expected losses (4.2% to 
16.0%) and variability.  Model results indicate that inclusion of feedstock harvest and storage 
pathways increase net fossil energy consumption (0.03 – 0.14 MJ/MJ) and greenhouse gas 
emissions (2.3 – 10 gCO2e/MJ) from cellulosic ethanol compared to analyses that exclude 
feedstock losses, depending on the storage scenario selected.  Bale silage contributes the highest 
fossil energy use (0.14 MJ/MJ), driven by LDPE use in bale wrapping.  For all feedstocks, 
greenhouse gas emissions were highest from bulk ensiled silage and bale silage pathways, driven 
by direct emissions of greenhouse gasses during storage and material use, respectively. NOX 
emissions were highest in anaerobic storage. 
Results show that biomass harvest and storage can substantially affect net emissions from 
cellulosic ethanol, increasing direct and indirect greenhouse gas emissions and net fossil energy 
use.  Storage of dry bales indoors or under cover minimizes emissions, while materials use in bale 
silage and biomass decomposition in bulk silage storage contributes significantly to net emissions. 




areas of great uncertainty in the biomass supply chain, such as biomass decomposition emissions 
and dry matter losses. 
 
4.2 Introduction 
Feedstock loss throughout the cellulosic biomass supply chain is a crucial issue.  Biomass 
yield on the farm and fuel yield at the biorefinery are considered some of the most powerful 
factors in determining the efficacy of a biofuel production system.  But losses between the initial 
cutting of biomass and eventual delivery to and storage at the biorefinery reduce the effective 
yield of biomass per farmed acre, increasing the economic and environmental costs of crop 
production, storage, and transportation. While these losses are often anticipated and implicitly 
included in decision making by the hay and forage industry, they have not been thoroughly 
accounted for in biofuel life cycle analyses (LCA).  The US Department of Energy reports that by 
2030 a large-scale biomass-to-bioenergy industry could process 540 to 800 million tons of 
biomass per year from dedicated energy crops in the United States (Perlack & Stokes, 2011), 
generating 184 to 252 billion liters of biofuel. Based on the results from Chapter 2, variability in 
biomass losses during storage could represent a reduced biomass availability of 38 to 128 million 
tons or 13 to 44 billion liters of missed fuel production (Emery & Mosier, 2012).  
Many steps during feedstock production and supply are vulnerable to biomass losses 
(Figure 4.1).  In order to minimize microbial activity and catastrophic losses due to spontaneous 
combustion during storage, crops must either be dried in the field to below 20% moisture content 
(if stored as dry bales), or to 50 - 75% moisture (if stored under anaerobic conditions as silage).  
To speed drying and avoid rain damage, biomass is usually conditioned – passed between two 
heavy rollers – at mowing to break stalks and allow moisture to escape more easily.  In some 
cases, additional passes over the field may be needed to ensure timely drying by raking, tedding, 
or inverting swaths of cut hay. Over one to three days or more, a combination of solar radiation 
and high daytime temperatures brings crop moisture to safe levels for collection. 
Grass crops are most commonly stored in dry bales. Bales vary in shape and size, but large 
round bales (LRB) and large square bales (LSB) are the most likely candidates for large-scale 
production.  Square bales range from 0.8 – 1.3 m wide, 0.8 – 1.3 m high and 1.5 – 2.4 m long, 
while large round bales are often 1.2 – 1.5 m wide and 1.5 – 1.8 m in diameter (Hess et al., 2009; 
Shinners et al., 2007).  Both are common, but square bales have some advantages in maximizing 
density during storage and transportation and can have higher bulk density allowing fewer total 




Figure 4.1 A range of dry matter losses can be expected during each major event in the biomass 
supply chain (average or expected values shown in parentheses).  These losses increase the 
biomass production needed to meet demand of 100% at a biorefinery.  Five storage options were 
assessed: dry large square bales (LSB) stored either uncovered, covered with a tarp, or indoors, 
bulk silage in a bunker silo, and round bale silage.  GREET was updated to include parameters 
for each of the five stages in biomass supply chain (corn stover is not subject to field drying or 
collection losses because biomass production, i.e. yield, is determined after collection). 
 
2008b).  Finished hay bales can be stored in barns or outdoors under tarps, uncovered, and on 
gravel pads, turf, or on bare ground depending on the local climate, bale moisture, duration of 
storage, and cost. In many analyses of bioenergy production pathways, bales are assumed to be 
stored “roadside,” on bare ground or gravel at the edge of the field, either uncovered or covered 
with a tarp. 
Biomass at 50% to 70% moisture can be stored anaerobically as silage. Silage systems rely 
on lactic acid bacteria to maintain anaerobic conditions and low pH to control microbial growth.  




production creates a self-preserving environment (McDonald et al., 1991).  Silos require a higher 
capital investment than dry bales, but result in a different final biomass density and composition 
that may be attractive to biofuel producers (Shinners et al., 2011).  Greater density and economy 
of scale allow silos to store more material on a dry matter basis per site than a roadside bale stack. 
Some research has demonstrated the technical feasibility of storing switchgrass and other 
biofuel feedstocks as low-moisture silage, often in the form of large round bales, also referred to 
as ‘baleage’ or ‘haylage’.  Bioenergy grass crops dried to 30-50% moisture and wrapped in layers 
of low density polyethylene (LDPE) film can be stored for long periods with minimal dry matter 
loss (Shinners et al., 2007). Round bales use less energy and wrap material than square bales, and 
are preferred for bale silage (Shinners et al., 2009). Bale silage requires greater machine and 
material use than dry bale storage, but may substantially reduce risk of dry matter loss during 
field drying and transportation costs associated with moving high-moisture material while 
generating a final product low in fermentation byproducts and suitable for biochemical 
conversion to biofuels. The wrapped bales are often stored roadside in rows of short stacks. 
Gentle handling is necessary to prevent tearing of the LDPE film and exposure to oxygen. 
Cellulosic biorefineries will operate at a certain optimal capacity, or biomass throughput.  
They will require daily intake of a pre-specified and consistent amount of biomass.  Additional 
biomass must be produced, harvested, and stored each year to compensate for expected storage 
losses, to prevent biomass shortages and wasted biorefinery capacity.  The response of additional 
production to anticipated losses is non-linear.  For each unit of biomass lost during storage, 
additional acreage must be farmed to make up for expected losses plus the expected losses from 
the additional harvest.  This increases the environmental and financial costs of all feedstock 
production steps upstream of the storage system, including harvest machinery and fuel use, 
fertilizers and pesticide production and use, planting machinery and fuel use, and crop seed or 
establishment costs.  Increased farmed acreage will also impact factors associated with land area 
and land use change. 
Emery and Mosier (2012) assessed the potential impacts of dry matter loss during biomass 
storage on net GHG emissions from cellulosic ethanol production using the GREETTM 
(Greenhouse gases, Regulated Emissions, and Energy use in Transportation) model.  Results 
indicated that the high variability in storage losses could lead to an increase in GHG emissions by 
up to 10 gCO2e/MJ of ethanol produced from switchgrass.  However, that study did not fully 




biomass losses elsewhere along the supply chain, nor did it consider CH4 or N2O emissions 
during storage. 
Explicitly including supply chain losses in biofuel LCA will allow us to more thoroughly 
examine their biofuel life-cycle energy and environmental impacts.  One tool to conduct biofuel 
LCA is the GREET model, which calculates life cycle energy consumption and gaseous 
emissions from conventional and renewable fuel pathways.  Developed by Argonne National 
Laboratory with support from the U.S. Department of Energy's Office of Energy Efficiency and 
Renewable Energy, GREET is widely used, including by regulatory agencies (EPA, 2010).  
GREET biomass pathways include energy and emissions from fertilizers, pesticides, machinery, 
and soil emissions associated with crop production and land use change.  Fuel production (well-
to-pump, WTP) is coupled with fuel use through user-selected vehicle types to generate a well-to-
wheels (or, in the case of biofuels, farm-to-wheels) life cycle assessment of energy and emissions 
from fuel use, expressed in terms of miles driven by the selected vehicle.  Available feedstocks 
for fuel ethanol include corn grain, corn stover, switchgrass, miscanthus, farmed trees, forest 
residue, and sugar cane.  Like most LCA tools for biofuel production, GREET has not previously 
adjusted biomass supply to the biorefinery to include losses in harvest, handling, and storage.  
Biomass production occurs in a single process, and movement from the farm to the biorefinery is 
represented by a single transportation event. 
In this study, the effects of crop harvest, handling, and storage losses on the life cycle 
energy use and GHG gas emissions from bio-ethanol were examined.  Of the available biomass 
sources in GREET, corn stover, switchgrass and miscanthus share the greatest similarity with 
conventional forage supply chains, and so only these three crops are considered in this analysis. 
Likely losses at each stage in the biomass supply chain were identified from the open literature, 
and used to calculate the additional biomass production necessary to meet demand at a 
biorefinery.  This production increase factor was used to adjust parameters upstream of biomass 
delivery at the biorefinery.  Based on recent evidence that variability in potential storage losses 
may have a substantial impact on biofuel GHG emissions, storage loss values from the literature 
were used to generate stochastic distributions for five common storage methods for forage 
biomass.  These distributions were integrated using the GREET Stochastic Simulation Tool and 
used to assess the impact of storage loss variability on net energy use and emissions from 






In this analysis, we used the corn stover, switchgrass, and miscanthus-to-ethanol pathways 
of the GREET model.  Key parameters for these pathways are laid out in Wang et al. (2012), and 
listed in Appendix D. 
 
4.3.1 Storage Losses 
Biomass losses during storage were estimated from the literature by expanding on the 
review and analysis in Chapter 2 (Emery & Mosier, 2012), who used a compilation of dry matter 
loss results from forage and bioenergy publications generated percentile distributions of expected 
losses for three storage methods: silage ("wet storage"), dry storage (covered or "indoors"), and 
dry storage (uncovered or "outdoors"). GREET parameters associated with biomass production 
events upstream of storage were increased to compensate for losses during storage. In this study, 
to estimate the range of likely dry matter losses during feedstock storage, data from 32 studies of 
grass crop storage, including dry hay, silage, and bale silage, were collected (Atchison and 
Hettenhaus, 2004; Cameron, 1966; Coble and Egg, 1987; Collins and Allinson, 1995; Henderson 
and McDonald, 1974; Henderson et al., 1972; Henk and Linden, 1994; Herrmann et al., 2011; 
Huhnke, 1990; Jackson and Lessard, 1977; Johnson et al., 2003; Kerr and Brown, 1965; Khanchi 
et al., 2009; Lechtenberg et al., 1974; Mayne and Gordon, 1986; McCormick et al., 1998; 
McCormick et al., 2011; McDonald et al., 1966; McDonald et al., 1968; McDonald et al., 1962; 
Monti et al., 2009; Muck and Holmes, 2007; Richey et al., 1982; Sanderson et al., 1997; Shah et 
al., 2011; Shinners et al., 2007; Shinners et al., 2011; Shinners et al., 2010; Singh et al., 1996; 
Verma and Nelson, 1983; Weinberg and Ashbell, 1994; Wyss et al., 1991).  Alfalfa and other 
broadleaf crops were excluded, as were studies shorter than 3 months, and studies in climates 
substantially different than those in the central U.S.  Data points were generated from the means 
of individual groups or treatments within each selected study, based on the unit of analysis used 
in the original study.  In some cases, this represented the average of many experimental units, 
while others were the results from a single bale, storage pile, or silo, as reported in the original 
study.  A complete table of dry matter loss data from each study, and a discussion of the data 
quality and analytical techniques used in this study, is presented in Appendix B. 
Data points were categorized by storage method.  Anaerobic and aerobic storage methods 
were subdivided based upon exposure to weathering and harvest method and machinery 
requirements.  Traditional bulk silage and low-moisture bale silage were separated, and dry hay 




(outdoor), and ‘uncovered’ (outdoor).  In some cases, studies included trials of novel storage 
methods.  These were assigned to the group that appeared most similar based on likelihood of air 
infiltration, moisture content, harvesting method, and the type of farm machinery used. A total of 
62 and 18 data points were gathered for bulk silage and low-moisture bale silage, and 21, 28, and 
53 data points for indoor, covered outdoor, and uncovered outdoor bale storage, respectively.  
The distribution of storage losses for each storage method is shown in Figure 4.2. 
Dry matter loss values from published studies were assumed to be representative of 
average annual storage losses in a biorefinery supply system.  Storage duration varied widely 
from 3 to over 12 months between studies, and the sources of dry matter loss from both hay and 
silage systems are weighted towards the beginning of the storage period.  Most losses in silage 
are incurred in the first weeks, and studies of dry hay losses over time suggest a nonlinear loss 
rate (Larson et al., 2010; McDonald et al., 1991). 
Dry matter loss data from each of the five storage method categories was fit with normal, 
lognormal, and gamma distributions, and assessed using the Kolmogorov-Smirnov, Cramer-von 
Mises, and Anderson-Darling goodness-of-fit tests.  Lognormal distributions of dry matter losses 
were selected for all storage methods except for indoor bale storage, which appears normally 
distributed.  
Tukey’s test was used to compare group means during distribution fitting and stochastic 
modeling analysis (alpha = 0.05).  Reported losses from storage methods that shared similar best-
fit distributions and biochemical attributes (covered vs uncovered dry bales, and silage vs bale 
silage) were compared, and found to be statistically distinct.  The GREET stochastic tool 
(Subramanyan & Diwekar, 2005) was used to assess uncertainty in fossil energy use and 
greenhouse gas emissions results.  1,000 iterations were generated using a Monte Carlo method 
for each model case.  Statistical tests on static and stochastic results were performed with SAS 
statistical software (SAS version 9.2, SAS Institute Inc., Cary NC). 
4.3.2 Losses During Field Operations 
Major operations that can result in biomass loss include on-field treatments of biomass, 
baling, bale handling & stacking, bale loading and transportation, and grinding or size reduction 
at the biorefinery.  Estimates of average losses during each phase of field operations were made 
based on a survey of the forage and bioenergy crop literature, presented in Table 4.1.  Three basic 
crop harvest scenarios were considered, producing LSB, bulk silage, or low-moisture bale silage.  
Square bales and bulk silage represent traditional harvest procedures using current machinery, 




 Figure 4.2 Frequency of forage and bioenergy storage losses in peer-reviewed literature, 
categorized by storage method. 
 
energy crops.  LSB harvest consisted of a combined mowing/conditioning step, raking of biomass 
to facilitate drying and collection, and baling.  Bulk silage is cut and shredded, followed by a 
chopping and collection step.  Low-moisture bale silage follows the same procedures as LSB 
harvesting, but low dry matter loss values are assumed to reflect reduced respiration during field 
drying and higher machine efficiencies for wet biomass.  Bale silage could be in the format of 
individually wrapped bales or several bales could be combined into one wrapped tube.  In this 
analysis, we assume the former and note tube wrapping would likely use less LDPE.  In GREET, 
the corn stover pathway does not include specific values for field drying or collection losses 
because values for yield used to develop parameters in this pathway included losses.   
 
4.3.3 Energy and Material Use 
Additional energy used in biomass storage and on-farm handling was assumed to be 
similar to that reported by Sokhansanj et al (Kumar and Sokhansanj, 2007; Sokhansanj et al., 
2008b).  Higher yields from dedicated energy crops compared to wheat straw were 
accommodated by reducing on-farm bale handling energy by 33% to account for shorter transport 
distances.  Harvest, handling, and storage energy consumption values are reported in Table 4.3.  It 















Mowing and raking 
lossa 








3% 3% 3% 3% 3% (Rotz and 
Muck, 1994) 
Farm handling dry 
matter loss 
2% 2% 2% 0% 2% (Ebadian et 
al., 2011) 
LDPE inputs (kg/dry 
tonne) 
0 0 0 0 10 (Shinners et 
al., 2009) 
HDPE inputs (kg/dry 
tonne) 
0 1.86 0 0.24 0 Estimate 
Lifetime of LDPE 
(years) 
1 1 1 1 1 Estimate 
Lifetime of HDPE 
(years) 
5 5 5 5 5 Estimate 
Median storage dry 
matter loss 
4.8% 8.4% 16% 11% 4.2% Estimate 
Nitrogen content of 
biomass 





CH4 emissions (g C 
in CH4/g C in 
biomass lost) 
0% 0% 0% 1.5% 1.5% (Hellebrand, 
1998) 
VOC emissions (g C 
in VOC/g C in 
biomass lost) 
0% 0% 0% 0.1% 0.1% Estimate 
N2O emissions (g N 
in N2O/g N in 
biomass lost) 
1.0% 1.0% 1.0% 1.2% 1.2% (De Klein et 
al., 2006) 
NOX (g N in NOX/g 
N in biomass lost) 
0% 0% 0% 6.4% 6.4% (Spoelstra, 
1985) 
 
because it was difficult to discern from literature on miscanthus production what fraction of this 
energy was consumed in harvesting versus handling and storage (Wang et al., 2012).  Energy 
consumed during miscanthus production most likely overestimates the true value.   
Plastic use in biomass storage was accounted for in the bale silage, silage, and covered 
outdoor hay storage pathways. Shinners et al. (2009) report a rate of 10 kg/Mg plastic film wrap 
for bale silage. We assume this film is virgin LDPE (Keoleian et al., 2011) and that none of it is 
recycled.  A heavy duty plastic silo cover over an 18 x 36 m concrete bunker silo contributes 0.24 




would utilize 1.86 kg dt-1 HDPE.  Silo covers and tarps are assumed to have a 5-year lifespan.  
Permanent storage infrastructure (e.g. concrete silo walls, barns for indoor hay storage) was not 
included in the analysis.  Generally, infrastructure has a minor impact on biofuel LCA results.  
For example, including farming equipment in LCA of bioethanol increases life-cycle GHG 
emissions by 1% (Wang et al., 2011).  Including ethanol plant infrastructure in LCA of sugarcane 
ethanol increases life-cycle GHG emissions by 2% (Dunn et al., 2011). 
 
4.3.4 Transportation 
 Transport distances from roadside storage to the biorefinery were calculated based upon 
default GREET parameter values. Distances were increased due to biomass losses to represent 
additional farmed acres beyond the default supply radius, as: 
 𝑑2 = 𝑑1 × �(1 − 𝐷𝑀𝐿)−1     Eq. 4.1 
Truck capacity for each pathway was determined by volume and weight. In many regions 
of the US, 26 large square bales and up to 34 large round bales can be legally transported by truck, 
up to a maximum load of 23 tonnes (Hess et al., 2009).  In pathways where transport was limited 
by volume, biomass loss affected the number of trips driven by reducing the dry matter density of 
hay bales.  Silage and bale silage supply chains were limited by weight, and the GREET default 
number of trips was modified based on moisture content of the biomass and the dry matter moved 
with each load.  Table 4.4 contains transport parameters used in GREET modeling. 
 
4.3.5 Carbon and Nitrogen Cycling   
Emissions of methane, volatile organic carbon, nitrous oxide, and NOX from biomass lost 
in storage and throughout the feedstock supply chain were considered.  Values used in modeling 
are in Table 4.1.  Aerobic decomposition of biomass was assumed not to release significant 
quantities of CH4, VOC, or NOX, but studies have identified both nitrification and denitrification 
of organic N as sources of N2O.  Following Intergovernmental Panel on Climate Change 
recommendations for calculating N2O emissions, 1.0% of lost biomass N was assumed to directly 
convert to N2O emissions, while an additional 0.225% of lost biomass N from wet storage 
pathways (silage and bale silage) was indirectly converted to N2O (De Klein et al., 2006).  
Additionally, to assess the sensitivity of life-cycle GHG emissions results to the emissions factors 
for CH4 and N2O we used when modeling emissions from silage (Table 4.1), we doubled these 















(m3/bale or silo) 
3.6 3.6 3.6 2,592 3.0 
Biomass density (dry 
kg/m3) 
176 169 155 231 144 
Moisture content (wt%) 15% 15% 15% 60% 45% 
Number bales/truck 26 26 26   
Actual payload (wet 
tonnes/truck) 
19 19 17 23 23 
Dry biomass/truck 
(tonnes/truck) 
17 16 15 9.0 11 
Dry matter loss 2% 2% 2% 2% 2% 
 
Oxides of nitrogen, VOCs and methane are known components of silage gas (Meiering et 
al., 1988; Montes et al., 2009; Wang and Burris, 1960). Based on studies of silage and compost 
emissions, 1.5% of carbon and 6.4% of nitrogen lost under anaerobic conditions (storage losses in 
silage and bale silage) were lost as methane and NOX, respectively (Hellebrand, 1998; Spoelstra, 
1985). VOC emissions were equivalent to 0.1% of anaerobic carbon losses. Carbon and nitrogen 
losses from biomass were assumed to be directly proportional to total dry matter loss. 
 
4.4 Results and Discussion 
4.4.1 Biomass Storage Losses 
Dry matter losses during storage clearly vary among storage methods (Figure 4.2).  Half 
of all studies on bale silage reported losses under 3%.  Most reported bulk silage losses lie 
between 3% to 15%, with a substantial number of reports above 21%.  Dry bales, if stored 
without cover, show the highest potential losses of all storage methods.  Protecting bales 
dramatically reduces expected losses, whether they are covered with a tarp or indoors. 
 
4.4.2 Losses During Field Operations 
Dry matter loss during field operations depends on the equipment used, sustainability 
concerns that could dictate a certain portion of biomass remain on the field to limit erosion and 
nourish the soil, and intentions to limit ash content and soil contamination of biomass.  Literature 
estimates of biomass losses during field drying, collection, and handling are presented in Table 
4.1. Measurements of dry matter loss in field tests over multiple years found that a baler 
processed 90.1% to 74.6% of cut switchgrass, generating 9.9% to 25.4% on-field losses (Monti et 




(Sanderson et al., 1997), while other studies estimate losses of 10% of dry mass (Hess et al., 2009; 
Shinners et al., 2011).  Even with careful review, it is often difficult to extract harvest loss data 
from reported yields, as many papers do not report sufficiently detailed harvesting methods.  We 
therefore conservatively assume yields are reported without accounting for losses.  It is therefore 
possible that our analysis overestimates harvest losses and their subsequent effects on energy 
consumption and emissions.  Additionally, biomass left on the field could limit erosion and 
provide nutrients to the soil, reducing fertilizer requirements.  We do not account for this 
reduction in our analysis because dry matter loss is likely uneven across the field and may not be 
a reliable provider of nutrients to the soil.  As a result of these assumptions, our analysis 
represents a conservative scenario for the impact of dry matter loss during field drying, collection, 
and handling on the life cycle of bioethanol. 
Corn stover suffers substantially higher losses during harvest than dedicated energy crops, 
due primarily to damage suffered by corn stalks during grain harvest and subsequent shredding to 
reduce stalk size and speed drying, which also makes subsequent retrieval for baling difficult 
(Hess et al., 2009).  Idaho National Laboratory reports corn stover dry matter losses of 29% 
during conditioning and 46% at baling.  These high values reflect the difficulties of multiple-pass 
harvest systems and have the benefit of leaving substantial biomass on the field to reduce erosion 
and nutrient losses, functions served by stubble and live root systems in perennial grasses.  
Dedicated energy crop harvest losses can be reduced by using square instead of round bales, 
which may minimize losses during the baling process by limiting the loss of short stalk fragments 
from the baling chamber (Hess et al., 2009). Wet harvest of bioenergy feedstocks as silage or bale 
silage could minimize harvest losses by using a single-pass system in which conditioning and 
windrows are unnecessary, and in which leaf and stem shatter are minimized (Hoglund, 1965; 
Shinners et al., 2007).  The bulk silage and low-moisture bale silage scenario data were sourced 
from diverse forage and bioenergy studies.  Bulk silage represents a conservative, high-moisture 
storage platform based on current anaerobic storage methods, while low-moisture bale silage is a 
novel anaerobic format tailored to energy crops.  Biomass harvested near 45% moisture for bale 
silage may be processed more efficiently by harvest machinery than drier, brittle stalks near 15% 
moisture, and reduced drying times minimize risk of loss from respiration and precipitation 
(Table 4.1), while minimizing storage losses. 
Bale handling and stacking losses are rarely quantified, but may account for additional 
2.0% to 2.9% dry matter losses before and 2.6% dry matter loss after storage of large square bales 




matter loss, as badly damaged bales may fall apart and need to be re-baled or disposed of on-site 
(Hess et al., 2009).  Silage handling losses in a large-scale storage facility may be minimal.  All 
storage methods are assumed to have similar handling losses in this study. 
Additional losses before bale delivery to the biorefinery may be incurred during transport. 
Transportation losses of switchgrass were measured by Sanderson et al., who determined a 0.4% 
loss of bulk weight (Sanderson et al., 1997).  Kumar and Sokhansanj calculated 2.6% dry matter 
losses during post-storage handling and transportation of dry switchgrass bales (Kumar and 
Sokhansanj, 2007).  Silage and bale silage may be substantially less affected by transportation 
losses, as heavier, wet material may be more densely packed and less affected by wind gusts or 
losses from damage of bales by loading equipment. 
 
4.4.3 GREET Modeling 
We used the above-described dry matter loss parameters in the GREET model to quantify 
the fossil energy consumption, GHG emissions, and air pollutant emissions of corn stover, 
switchgrass, and miscanthus ethanol production incorporating five different biomass storage 
options:  indoor LSB, covered LSB, uncovered LSB, silage, and bale silage. The following 
subsections describe the modeling results.   
 
4.4.3.1 Fossil Energy Consumption 
Figure 4.3 contains results for farm-to-pump fossil energy consumption for corn stover, 
switchgrass, and miscanthus ethanol.  Overall, corn stover ethanol has the highest net fossil 
energy consumption of these three pathways because fertilizer application rates are higher for 
corn production with stover harvest than for production of switchgrass or miscanthus (Wang et al., 
2012).  For feedstocks of corn stover and switchgrass, dry matter loss most increases the fossil 
energy associated with fertilizer production.  In the case of miscanthus ethanol, however, the 
feedstock consumes comparably lower fertilizer and the collection (harvesting) and fertilizer 
production stages are nearly equally impacted by dry matter loss.   
Of the scenarios examined, when biomass is stored as indoor LSB, fossil energy 
consumption is minimized.  When biomass is stored as covered LSB, HDPE and machinery use 






































































































































































































































































































































































































































roughly doubles compared to indoor storage, also causing slightly higher fossil energy 
consumption.  As could be expected, however, the scenario with uncovered LSB storage has 
greater dry matter loss, modestly increasing fossil energy consumption.  The scenario with 
ensiled biomass consumes more fossil energy because energy expended during handling and 
storage is nearly double that in the three scenarios with square bales (Table 4.2).  Additionally, 
some high density polyethylene (HDPE) is consumed and dry matter loss levels are fairly high 
(Table 4.3).  The greatest fossil energy consumer is the scenario with bale silage, which has lower 
losses from field respiration than the square bale scenarios, but consumes more energy during 
handling and storage because of LDPE consumption.  In this analysis, we do not account for 
recycling of the LDPE, although LDPE from bale silage could be collected at biorefineries and 
recycled.  The results then represent the worst case scenario for this storage option.  For each 
feedstock, if the amount of LDPE consumed is halved in the bale silage scenario, fossil energy 
consumption for decreases by 0.05 MJ/MJ.  
 
Table 4.3 Dry matter loss and handling and storage contribution to farm-to-wheels fossil fuel 
consumption and GHG emissions results 







0.01 – 0.03 0.02 – 0.13 0.03 – 0.14 
GHG emissions 
(g CO2e/MJ) 





0.01 – 0.03 0.02 – 0.13 0.03– 0.14 
GHG emissions 
(g CO2e/MJ) 





0.01 – 0.03 0.02 – 0.13 0.03 – 0.14 
GHG emissions 
(g CO2e/MJ) 
3.0 – 7.6 1.4 – 6.4 4.4 - 10 
 
Table 4.4 Energy consumed during biomass harvest, handling, and storage. 










Corn Stover 219 233 219 340 230 
Miscanthus 260 274 260 356 280 





4.4.3.2 GHG Emissions 
Figure 4.4 compares farm-to-pump GHG emissions for the different storage options for 
corn stover, switchgrass, and miscanthus ethanol.  For each feedstock, even miscanthus, pre-
storage dry matter loss most increases GHG emissions associated with nitrogen production and 
use.  Additionally, for each feedstock, scenarios with bale and bunker silage exhibit nearly equal 
GHG emissions.  While LDPE consumption contributes significantly to the farm-to-pump GHG 
emissions in the scenario with bale silage, the silage scenario has nearly three times higher GHG 
emissions associated with dry matter loss.  Figure 4.5 shows the farm-to-pump CH4 emissions for 
different storage scenarios in the miscanthus ethanol pathway.  Methane emissions from 
decomposition of biomass stored anaerobically contributes a large fraction of total methane from 
biochemical production of ethanol.  As with fossil fuel consumption, GHG emissions results for 
the bale silage scenario are sensitive to assumptions about LDPE consumption.  For each 
feedstock, if the amount of LDPE used in bale wrapping is halved, GHG emissions decrease by 
2.4 g CO2e/MJ. 
Doubling the CH4 factor caused an 86% increase in CH4 emissions and a 15% increase in 
GHG emissions.  GHG emissions were less sensitive to the doubling of the (lower) N2O emission 
factor, rising only 3%. 
4.4.3.3 Air Emissions 
We also considered how farm-to-wheel air emissions may differ as a function of storage 
technique. Figure 4.6 contains the results of this analysis for miscanthus ethanol.  Results for corn 
stover and switchgrass ethanol are similar.  Particulate emissions (PM10 and PM2.5) were 
relatively insensitive to storage technique.  Volatile organic compounds (VOCs) and NOX are 
emitted during biomass storage as silage or bale silage (Table 4.1).  As a result, NOX and VOC 
emissions are highest for these two storage techniques.  Contributions to NOX emissions for 
miscanthus ethanol are in Figure 4.7.  When biomass is ensiled in bunkers or round bales, 
decomposition during storage and the emissions associated with energy and material inputs 
during handling and storage stages are significant.  The impact of storage-related VOC emissions 
is not as significant as NOX emissions for scenarios with silage or bale silage because the VOC 






4.4.3.4 Stochastic Simulations 
Finally, we conducted stochastic simulations in two ways.  First, we used only the 
distributions for dry matter loss developed for each storage type for switchgrass ethanol.  Second, 
we incorporated uncertainty associated with all parameters in the GREET switchgrass ethanol 
pathway that have distribution functions (Wang et al., 2012).  Figure 4.8 displays the results of 
these analyses.  In Figure 4.8, the bottom, middle and top lines of the bars represent the 30th, 50th, 
and 70th percentiles, respectively, while the lower and upper error bars indicate the 10th and 90th 
percentiles. 
In Figure 4.8a, the uncovered LSB results have the most associated uncertainty whereas 
indoor and covered LSB results fall within a relatively narrow range.  When only uncertainty 
related to dry matter loss in storage is incorporated, the mean fossil energy use from each storage 
method is statistically distinguishable.  Bale silage consumes the most fossil energy.  The 
consumption of LDPE explains this result.  Very high variability in dry matter losses during 
storage of uncovered LSB translates to a 0.04 MJ/MJ range in farm-to-wheel fossil energy 
 
Figure 4.5 Farm-to-pump CH4 emissions for miscanthus ethanol. Ethanol plants are modeled as 
receiving credit for producing surplus electricity that replaces grid electricity.  DML indicates 




Figure 4.6 Farm-to-wheel air pollutant emissions from different biomass storage techniques in the 
production of miscanthus ethanol 
Figure 4.7 Contributions of farm-to-pump stages of miscanthus ethanol production to NOX 
emissions.  Ethanol plants are modeled as receiving credit for producing surplus electricity that 





consumption between the 10th and 90th percentiles, the widest range of any storage pathway.  
When uncertainty associated with other GREET switchgrass ethanol pathways is included (Figure 
4.8b), there is much greater overlap among the five storage scenarios.  Statistically significant 
differences in mean fossil energy use remains between several pathways, however.  
When the variability associated with storage-induced dry matter loss is isolated, 
switchgrass scenarios with silage and uncovered LSB have the greatest associated uncertainty in 
GHG emissions (Figure 4.8c).  While indoor LSB, the lowest emitting storage option, may not be 
viable in practice because of the cost of building and operating storage facilities, the mean GHG 
emissions associated with storing biomass as covered LSB are not significantly higher.  
Differences in mean emissions from the other three pathways are statistically significant when 
compared to indoor and covered LSB.  Again, when overall uncertainty in the switchgrass ethanol 
pathway is included in the stochastic simulations, the effect of storage technique on results is 
substantially reduced, though some significant differences in mean emissions between scenarios 
remain.' 
The extent of the uncertainty in energy and emissions results shown in Figure 4.8b,d may 
be influenced by the sampling method used by the GREET stochastic tool to generate input 
values during simulation runs. Due to the fine structure of the fuel production and use pathways 
in the GREET model, there are large number of inputs to each simulation.  Monte Carlo 
simulations of emissions from each fuel and vehicle combination sample from a large number of 
variables (the GREET version used in this study contains 814 stochastic parameters), each of 
which is assigned an independent probability distribution (Subramanyan & Diwekar 2005).  In 
some cases, these input variables may be correlated in ways that violate assumptions of 
independence between sampling events. For example, we would expect that the quantity of 
cellulase enzyme added during biomass processing for biofuel production would influence the 
ethanol yield from fermentation.  Each of these inputs has an associated probability distribution 
function which is sampled independently during stochastic analysis. 
Reviews of stochastic input sampling emphasize that minimizing or accounting for 
correlations during input sampling for stochastic models is key to accurately estimating output 
uncertainty (Ades & Lu 2003, Helton 2006).  Failure to adjust for input correlation could result in 
a broader range of simulation inputs than is realistic, violating one of three guidelines for input 
sampling by Iman and Conover (1980). However, adjusting for relationships between input 
variables requires knowledge of the input correlation matrices.  The GREET input correlation 




Figure 4.8 Fossil energy consumption (a,b) and GHG emissions (c,d) for switchgrass ethanol, assessed from farm-to-wheel with only storage 
dry matter loss distribution functions (a,c) and all GREET bioethanol pathway distribution functions (b,d) incorporated in GREET stochastic 




example above, is itself uncertain.  Unadjusted input sampling will likely generate a broader 
range of output values than would correlation-adjusted sampling (Iman & Conover 1980).  
Statistical methodologies may be available to develop correlation matrices for models with a 
large number of inputs (Iman & Conover 1982), but developing such a correlation structure for 
such a broad model as GREET would be highly labor-intensive and beyond the scope of this 
study.  Though the extent of the effect of correlated inputs on GREET stochastic simulation 
output is unknown, most stochastic inputs are not in components of the model which are closely 
related (unlike the example of cellulase enzyme and ethanol yield) and expected to be 
independent of others, with low overall impact on simulation results. 
 
4.5 Conclusions and Future Work 
For each feedstock considered (corn stover, miscanthus, switchgrass), indoor or covered 
LSB storage techniques consume the least fossil energy and emit the lowest levels of GHG 
emissions of the storage options we considered in this analysis.  The high dry matter loss ensiled 
biomass experiences results in relatively high GHG emissions from that storage technique.  When 
biomass is stored as bale silage, dry matter loss emissions are lower, but the plastic consumed to 
wrap the bales contributes significantly to life-cycle fossil energy consumption and GHG 
emissions. The latter impact could be reduced by recycling the LDPE.  These factors must be 
combined with economics and logistics considerations to select the optimal biomass storage 
technique. 
Table 4.2 summarizes the nominal results from this analysis and compares them to baseline 
results from GREET simulations that exclude the effects of dry matter loss and the increased 
energy consumption associated with handling and storage.  Undoubtedly, accounting for energy 
consumption and GHG emissions associated with dry matter loss and handling and storage can 
significantly influence biofuel LCA results, increasing estimates of GHG emissions by up to 10 g 
CO2e/MJ over LCA results that exclude these factors.  Supplying biomass feedstocks to any 
industrial, food, feed, or forage process or system carries energy costs, and often results in some 
loss of material. The complexities of a large-scale biomass supply system and the nascent state of 
the industry make accurate scenario development a challenge, but the results of this study clearly 
show varied and substantial influence of feedstock supply chain losses and material use.  As more 
data on biomass harvesting and storage techniques and associated losses become available, they 





This analysis could be refined in several ways.  First, assumptions regarding the energy 
intensity of storage operations could be updated as more biomass yield data become available in 
the literature.  Reported yield data can at times be confusing because ‘biomass yield’ is a flexible 
term, with multiple definitions.  Yield can indicate the amount of biomass grown, the amount 
retrieved from test plots using hand cutting or single-pass mechanical harvest, the biomass dried, 
baled and harvested using conventional hay machinery, or the amount delivered to a biorefinery 
per farmed acre in the biomass supply system.  Many field trials of potential biomass feedstocks 
use a single-pass harvest system to accurately determine crop mass, which may not represent the 
quantity of material removed from the field in a large-scale feedstock production scenario using 
current technology.  Life-cycle models of biofuel production must account for these yield 
differences because higher yielding crops tend to have lower environmental impacts; an accurate 
understanding of crop yield is therefore crucial.  This clearer understanding will influence yield-
dependent parameters beyond energy consumption including fertilizer application rates and even 
land-use change impacts. 
Second, improved data on CH4 and NOX emissions during biomass storage and 
decomposition would improve estimates of biofuel life-cycle emissions of these two pollutants.  
These emissions are poorly understood, and may be a major source of uncertainty in biofuel 
emissions modeling.  Quantification of these emissions during aerobic and anaerobic storage of 
energy crops could greatly reduce uncertainty in biofuel emissions modeling. 
Moreover, changes in composition of biomass during storage may be influential, and may 
vary between aerobic and anaerobic storage methods (Shinners et al., 2011). Shifts in the balance 
of fermentable carbohydrates may affect pretreatment effectiveness and theoretical ethanol yield 
from feedstocks, either amplifying or mitigating the effects of mass losses in storage.  
Biorefineries with electricity cogeneration potential could be impacted by changes in lignin 
content during storage. 
Regional and seasonal effects could also alter the impact of biomass losses during handling 
and storage and could merit further investigation.   Uncovered storage techniques could be more 
appropriate in drier months and in areas of the country with less precipitation.   
Another area for deeper investigation is the role of plastics in biomass storage energy and 
environmental impacts. Real-world consumption and recycling rates would improve estimates of 
life-cycle impacts of the bale silage scenario. 
Generating a correlation structure for the GREET stochastic simulation tool could improve 




This analysis demonstrated that biomass losses during harvest and handling can exceed 
those during storage.  More sophisticated logistics modeling of the relationship between on-field 
operations, environmental conditions, and dry matter losses could allow for more accurate 
estimation of emissions and energy use during the entire process of moving feedstock from the 
field to storage. 
Finally, the influence of dry matter loss and biomass storage and handling on LCA results 
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CHAPTER 5. METHOD DEVELOPMENT FOR LABORATORY SCALE BIOMASS 
STORAGE EXPERIMENTS 
5.1 Introduction 
Biomass storage for biofuel or bioenergy production is a unique process.  Though similar 
in many ways to crop storage for animal feed, industrial-scale biomass storage will most likely 
take place on a massive scale to supply high-throughput biofuel facilities, posing many challenges 
unseen in the forage industry.  Differences between forage and bioenergy crops and between the 
desired quality characteristics of those crops require new methods and analyses to assess storage 
outcomes. 
The number of factors which could potentially influence dry matter loss and composition 
changes of biomass crops during storage is large, including moisture content at harvest or baling, 
temperature, harvest date, nitrogen or carbohydrate content of the biomass, storage density, stalk 
length or particle size, degree of protection from weathering and soil moisture, oxygen 
availability, and other factors.  Many of these are interdependent, but the sheer number of 
parameters and the complexity and cost associated with large-scale storage trials makes research 
at near-commercial scale difficult.  Additionally, most bioenergy crops are currently grown on 
small plots.  Providing sufficient biomass for a commercial-scale study of bale storage for 
bioenergy – 820 Mg per bale stack – could require 270 - 650 ha of corn stover or 41 - 82 ha of 
switchgrass (Tan et al., 2012; Wullschleger et al., 2010).  While corn stover may be theoretically 
available in sufficient quantity in some areas, other bioenergy crops such as switchgrass, 
miscanthus and sorghum are often grown on research plots which do not generate sufficient 
biomass. 
While laboratory-scale studies may be inadequate to fully explore the parameter space or 
optimize storage methods and conditions for bioenergy crops, they could provide an important 
understanding of the relative influence of many of these parameters, allowing testing of only the 
most promising conditions at larger scales.  For example, biomass moisture content – at harvest, 
and throughout the storage period – has long been considered a key factor in forage quality 




fungal metabolic activity (which is prevented in drier environments) generates heat.  Stacks of 
moist hay bales are often found to have increased internal temperatures relative to ambient 
conditions, and can spontaneously combust (Coblentz and Hoffman, 2009; Coblentz et al., 1994a; 
Martinson et al., 2011; Shinners et al., 2011; Williams et al., 1997).  While the effects of some 
extreme examples are clear, the interaction of temperature and moisture on bale degradation 
under more moderate conditions is not well understood and a prime example of an opportunity 
for laboratory-scale studies to contribute to the field of biomass storage. 
 
5.1.1 A Review of Prior Methods 
A variety of methods have been used to explore differences between crop species, 
harvesting methods, and storage conditions on forages. Most common are small-scale trials which 
use individual hay bales as the unit of study.  Large round bales, roughly 1.2 to 1.5 m in width 
and 1.5 to 1.8 m in diameter, are one of the most commonly used forage packages and frequently 
used in storage studies of both dry, aerobic hays and plastic-wrapped, anaerobic bale silage 
(Bisaglia et al., 2011; Harrigan and Rotz, 1994; Huhnke, 1990; Jonsson et al., 1990; McCormick 
et al., 2011; Muller et al., 2007; Russell et al., 1990; Verma and Nelson, 1983).  Large square 
bales 0.8 to 1.3 m in width and height and 1.5 – 2.4 m long are often used as well, and although 
they are less commonly made by farmers, they are more easily stacked and transported, making 
them appealing for both research and large-scale bioenergy feedstock production (Buser et al., 
2013; Coblentz et al., 2013; Darr and Shah, 2012; Hess et al., 2009; Schon et al., 2013; Smith et 
al., 2011; Smith et al., 2013).  Many studies have been done on each of these bale types to assess 
the effectiveness of harvest practices (Buser et al., 2013), initial baling conditions (Coblentz and 
Hoffman, 2009; McCormick et al., 2011), protection from external moisture during storage 
(Bisaglia et al., 2011; Harrigan and Rotz, 1994; Huhnke, 1990; Khanchi et al., 2009; Martinson et 
al., 2011; McCormick et al., 2011; Russell et al., 1990; Schon et al., 2013; Verma and Nelson, 
1983), use of preservatives to reduce degradation during storage (Coblentz et al., 2013; Jonsson et 
al., 1990). 
The outcomes for such forage studies are often not directly applicable to biomass-for-
bioenergy research.  Many of the parameters of interest in forage storage relate to digestibility, 
nutrient absorption, and growth rates of cattle and other ruminants which consume the forage 
(McCormick et al., 2011).  The optimal feedstock for a ruminant differs substantially from that 
for a bioenergy facility, which may require a low nutrient content material at low moisture to 




The most crucial metrics for bioenergy crop storage are dry mass loss, which affects the 
efficiency of biomass production at the farm gate, and moisture content, a determining factor in 
transport cost (Hess et al., 2009; Sokhansanj et al., 2006).  Some studies have also begun to 
address the question of biomass quality for bioenergy, investigating the effects of storage on the 
proportion of lignin and fermentable carbohydrates (Shah et al., 2011; Shinners et al., 2010; 
Williams and Shinners, 2012; Wiselogel et al., 1996). 
Field trial storage of bioenergy crops have been conducted on corn stover (Shah et al., 
2011; Shinners et al., 2007; Shinners et al., 2011), switchgrass (Larson et al., 2010; Monti et al., 
2009; Mooney et al., 2012; Sanderson et al., 1997; Shinners et al., 2010; Wiselogel et al., 1996), 
sorghum (Coble and Egg, 1987; Rigdon et al., 2013; Williams and Shinners, 2012), miscanthus 
(Nolan et al., 2009), aspen (Oveisi et al., 2013) and other potential bioenergy crops. However, 
such studies are subject to variations in environmental conditions between storage locations and 
between years, and to variability within experimental units.  Temperature and moisture in 
particular can vary substantially within a stack and within individual bales, leading to substantial 
difficulty in estimating the effects of specific conditions on biomass degradation in storage 
(Miller, 2013; Schon et al., 2013; Smith et al., 2011; Smith et al., 2013). Smaller, laboratory-scale 
storage studies allow much greater control over storage conditions, reduced variability within 
storage units and between studies, and allow researchers to more easily compare a larger number 
of units and treatments for greater statistical power (Coblentz et al., 1994b).  
At the laboratory scale, most biomass storage literature deals with assessments of ensiled 
forages.  A wide range of methods have been used to maintain anaerobic samples of wet biomass, 
ranging from elevated platforms capable of continuously monitoring the weight of up to 1000 kg 
of silage (McDonald et al., 1966) to small glass silos storing 0.2 kg silage replicates (Singh et al., 
1996).  Many use units of less than 10 kg in order to maximize the number of treatments and 
replicates which can be compared (Johnson et al., 2003; McDonald et al., 1968; Meiering et al., 
1988; Singh et al., 1996).  This allows researchers to assess differences between more biomass or 
storage condition treatments with greater statistical confidence and fewer concerns with intra-
sample variability than would be possible at the field scale.  For example, Singh et al. conducted a 
study of 12 storage conditions with 12 replicates each (Singh et al., 1996); Johnson et al. assessed 
a wide range of effects on silage quality, including crop hybrid, maturity, harvest processing, and 





Laboratory studies can examine storage at an extremely fine level.  One group has used 
sealed desiccators containing saturated salt solutions to control the internal humidity and thus the 
moisture content of stored biomass to examine the rate of mold growth and enzyme activity on <1 
g samples of corn stover components (Igathinathane et al., 2005; Igathinathane et al., 2008; Smith 
et al., 2009). Similar methods have been used to study forage hay (Albert et al., 1989) and, more 
recently, Douglas fir storage (He et al., 2012). A small number of studies have used similar small-
scale methods to investigate the storage properties and emissions of municipal waste (Nammari, 
2006), ensiling of crops for bioenergy (Henk and Linden, 1994; Herrmann et al., 2011) , and to 
develop more easily replicable and cost-effective units for hay storage studies (Coblentz et al., 
1993; Coblentz et al., 1994a; Coblentz et al., 1994b).  The laboratory-scale baling technique 
developed by Coblentz et al. was designed to allow experimenters to better control environmental 
parameters and biomass properties such as moisture and density, and to evaluate interactions 
between bales which would be difficult and expensive to address at the field scale. 
As shown in Chapter 3 and Chapter 4, greenhouse gas emissions from stored biomass 
have the potential to influence net emissions from biofuel production.  The composition of silage 
gas has been of concern for decades, as toxic nitrogen oxides can accumulate causing illness and 
death in farm workers (Kedan et al., 2007; Meiering et al., 1988; Muck and Huhnke, 1995; 
Spoelstra, 1985; Weinberg and Ashbell, 1994; Williams et al., 1997).  This research largely 
focuses on the concentration of gases in the silo, rather than the net gas production or flux rates 
from biomass, and different sampling and analytical methods would be necessary to assess the 
environmental impact of such emissions.  While there are no established methods for conducting 
such research, a number of techniques have been used to assess the emissions of gases during 
silage, compost and manure storage.  Similar methods could be adapted to measure greenhouse 
gas production from biomass stored for bioenergy.   
Larger-scale compost studies using 0.1 to 13 m3 chambers directed air flow from storage 
chambers past gas sampling and detection equipment (Beck-Friis et al., 2001; Beck-Friis et al., 
2000; Fukumoto et al., 2003; Ni et al., 2009).  While these systems can adequately quantify 
emissions by measuring gas concentrations, and total air flow in addition to biomass volume, 
losses, and composition, they require substantial infrastructure and dedicated instrumentation.  A 
smaller-scale adaptation of this method bypasses some of these issues (Hellebrand, 1998), but the 
required equipment and instrumentation would limit the number of replicates which could be 
feasibly monitored in a single storage trial.  Other studies have used smaller-scale storage 




centrifuge tubes as incubators for a study of nitrous oxide emissions from compost over 24 hours 
(Hui et al., 2003), while others have used 10 – 12.5 L plastic buckets to contain and monitor CO2, 
CO, and CH4 emissions from stored woody biomass (He et al., 2012; Kuang et al., 2009). 
 
5.1.2 Study Goals 
This chapter reports several studies which were conducted to develop and improve 
methods for laboratory-scale biomass storage and gauge the influence of several biomass storage 
parameters on dry matter losses and greenhouse gas emissions.  Sweet sorghum bagasse and 
switchgrass harvested in 2010 were stored for 8 to 24 weeks at varying levels of moisture to 
assess the suitability of laboratory-scale silage packing methods for dry biomass storage and the 
relative losses between the two biomass crops.  Switchgrass and miscanthus harvested in 2011 
were packed using a laboratory-scale baling column (Coblentz et al., 1993) in order to compare 
the effects of moisture content and dry density on storability of two highly-cited potential 
biomass energy crops.  In the third study, laboratory-scale switchgrass bales were stored under 
controlled humidity and temperature to assess the influence of storage conditions on emissions of 
greenhouse gases from biomass. 
 
5.2 Methods 
5.2.1 Moisture Content 
Throughout the following experiments, biomass moisture content was measured by the 
vortex method unless otherwise specified.  In this method, hot air was forced through a mesh-
capped steel funnel loosely filled with at least 200 g biomass as described by Buckmaster 
(Buckmaster, 2005).  The sample was weighed at ≥ 5 minute intervals until weight changed by 
less than 1 gram per 5 minutes.  A minimum of 3 measurements were made for each moisture 
determination.  All moisture content is reported on a wet basis. 
 
5.2.2 Sorghum Harvest and Storage, 2010 
Sorghum for bale treatments was harvested by hand from plots at Purdue’s Agronomy 
Center for Research and Extension (ACRE) on October 12, 2010. Keller and Sugardrip biomass 
sorghum varieties, fertilized in the spring with 224 kg N/ha, were cut 6 inches above the soil and 
grain heads were removed.  Stalks were pressed to remove the juice with a small two-roller press 
(Model B-728, Vencedora Maqtron, Joaçaba, Brazil) and spread in a single lay on turf to dry in 




juice was extracted.  After drying on turf for three days, stalks were moved to pavement and dried 
an additional three days.  Stalks were shredded using a yard waste chipper/shredder on October 
18, 2010.  Moisture after shredding was 15.8%. 
For the sorghum silage experiment, Keller biomass sorghum from 224 kg N/ha plots was 
harvested by hand, grain tops removed, crushed, and shredded using the same equipment as 
above on October 29, 2010. Moisture after shredding was 68.7%.  
Seven 2700g subsamples of dry sorghum bagasse were re-wet to 25% by adding 355g 
water to each sample (measured final moisture 25.5%).  Bales were pressed by compressing 
bagasse using a 2300 psi hydraulic log splitter (W1000, Earthquake, Cumberland, WI) modified 
with an enclosed cylindrical baling chamber designed for pressing laboratory-scale silage 
packages.  Bales were then placed in plastic bags which were tied closed.  Remaining bagasse 
was allowed to further dry to 11% moisture, and eight 2700 g bales were packed using the same 
method.  Bales were 33-35 cm in height and 17-24 cm in diameter, with initial dry densities of 
136-280 kg/m3.  Four 6-inch slits were cut in each bag to allow air exchange, and each bag 
placed in a 5-gallon plastic bucket for long-term storage. 
Silage bags were made from 18 inch (0.4572 m) diameter 6 mil (0.1524 mm thickness) 
polyethylene tubing cut to 0.5 m length and sealed at the ends using a propane torch. Applying 
heat evenly enough to melt the layers together without melting holes through the bag was quite 
difficult. Tedlar bag gas valves were installed in each bag prior to sealing, through holes made 
using a standard office one-hole punch.  The 4000 g (wet weight) bales were pressed using the 
same method as above, and double-bagged to prevent puncture of the outer layer.  Only the outer 
layer was fitted with a gas valve and sealed. A vacuum pump was used to extract all visible air 
pockets from the bags through the Tedlar gas valves. The wet bagasse held together well, with 
consistent bale dimensions of 28 cm (h) by 16 cm (d) and initial dry densities of 222-233 kg/m3. 
 
5.2.3 Switchgrass Harvest and Storage, 2010 
An upland switchgrass (Panicum virgatum) ecotype, “Shawnee” grown at TPAC was cut 
with a Carter flail-type chopper (Carter Manufacturing Co., Brookston, IN), piled on the side of 
the field, and collected by hand on October 28, 2010.  Moisture at harvest was 34%.  Switchgrass 
was allowed to dry in a barn for 12 days to 9.5% moisture before baling with a small square baler.   
Four small square bales were broken into 16 flakes, each tied with twine before 
separation from the bale to maintain density and integrity. Leaflets were bagged in plastic and 




based on flake weight and volume, to minimize differences in bale physical parameters between 
blocks.  Flakes were re-wet by sprinkling water over the bales within the plastic bags to target 
moisture contents of 15% and 25% for low and high moisture treatments, respectively. After 
allowing switchgrass to equilibrate moisture for 24 hours, 5 6-inch slits were cut in each bag to 
allow air exchange but still contain loose biomass. 
 
5.2.4 Switchgrass and Miscanthus Harvest and Storage, 2011 
“Shawnee” switchgrass (Panicum virgatum) and miscanthus (Miscanthus x giganeous) 
were harvested from plots at the Throckmorton-Purdue Agricultural Center (TPAC) near 
Lafayette, IN on November 18, 2011.  Switchgrass had been established in 2007, miscanthus in 
2009. Crops were cut with a Carter flail-type chopper (Carter Manufacturing Co., Brookston, IN), 
piled on the side of the field, and collected by hand all on the same day.  Biomass was stored 
indoors in 113.6 L paper 'yard waste' bags.  
A small steel baling column, based on designs by Coblentz et al. (Coblentz et al., 1993), 
and a hand crank press were used to generate laboratory-scale bales, 10.4 x 10.4 cm depth x 
height by 9.5 to 14.6 cm (miscanthus) and 8.9 to 16 cm (switchgrass) in length. Bales were 
pressed at two target densities (150 and 250 dry kg/m3) and three target moisture levels (≤15%, 
20-25%, ≥30%).  12 bales were generated at each target moisture and density combination for a 
total of 72 bales from each biomass crop. 
Switchgrass bales were pressed on November 21, 22, and 28 2011 in eight batches. 
Biomass for each batch was selected according to its moisture content, which varied widely 
between bags and as biomass dried awaiting baling.  Material for each batch was mixed 
thoroughly and sampled for moisture content in triplicate. 
Additional switchgrass bales for the greenhouse gas flux study were pressed on 
December 1, 2011.  Bulk switchgrass which had dried to 9.9% moisture was baled as-is (for low 
moisture bales) or re-wet individually for each bale with target moisture of 14% and 18% for 
moderate and high moisture bales, respectively. For each bale, roughly 150 g biomass was 
weighed into a bucket and water added to bring the moisture to the target concentration.  The 
sample was mixed thoroughly by hand, pressed into a bale, placed in a large plastic bag with 
other bales from the same target moisture level. Five bales were pressed at 9.9% moisture, 9 bales 
at 14%, and 11 bales at 18%. 
Miscanthus bales were pressed on December 5, 7, 8, and 9 in eight batches.  While the 




moisture treatments were re-wet to achieve the target moisture.  When rewetting, 4-5 kg (dry 
weight) batches of miscanthus were well mixed in a large plastic container with tight-fitting lid, 
moisture was measured in triplicate, and tap water was added to reach target moisture (20-22% 
and 30-32%).  After wetting, biomass was again mixed thoroughly to distribute moisture, the lid 
was closed and biomass allowed to equilibrate for at least 18 hours before again measuring 
moisture content in triplicate. 
 Bales were stored in insulated boxes based on designs by Coblentz et al. (1994a).  Each 
0.61 x 1.22 m (2 x 4 ft) box maintained 12 bales in separate compartments made from 2.5 cm (1-
inch) extruded polystyrene foam board insulation, with 7.5 to 10 cm (3-4 in) of cellulose 
insulation below and on each exterior side of the 12 bale compartments and supported by a 
plywood base.  Groups of 4 bale compartments were separated by two layers of foam board and 5 
cm (2 in) of cellulose insulation (Figure 5.1). A loosely fitted lid of identical materials to the base 
of the box (2.5 cm foam board, 7.5 to 10 cm of cellulose insulation, and plywood) was placed 
above the bales. Absorbent laboratory bench pads lined the floor and ceiling of the bale 
compartments to prevent condensation in case of spontaneous bale heating.  





Each bale was assigned to a specific box compartment in order to minimize both moisture 
transfer between bales and the influence of variation between individual boxes on statistical 
analysis.  Bale density and storage duration were randomized within boxes as shown in figure 5.2.  
Pairs of boxes contained all replicates at each density and storage duration combination at a 
single moisture and crop combination. Due to the logistical constraints of the baling process and 
in order to minimize opening of the bale storage boxes, bales were separated by crop (switchgrass 
vs miscanthus). Once assembled and filled, each box was stored in a basement workshop at low 
humidity and consistent temperature. 
Bales were stored in insulated boxes for 30, 60, and 90 days.  Three bales from each 
moisture and density treatment combination were removed at 30 and 60 days, with the final 6 
bales in each treatment removed at 90 days. At each time point, all bales were briefly removed 
from storage, weighed, and either returned to storage or destructively sampled for moisture 
content and biomass composition sampling.  To ensure a representative sample, bales were split 
in half after removal from storage; one half was immediately dried by the “vortex” method to 
determine dry weight while the other half was dried in an oven at 40°C for a minimum of 96 












































































Figure 5.2 A pair of insulated storage boxes shown to scale, with lines indicating foam board 
structure and grey fill indicating cellulose insulation. Boxes contain all density (d), and duration 





Samples for chemical analysis were mixed thoroughly, and subsamples taken for carbon 
and nitrogen content measurements.  Ten g subsamples were milled to pass through a 0.4064 mm 
screen (40 mesh, ASTM).  From each bale, duplicate measurements of total carbon and total  
nitrogen in the ground material were obtained using a Leco CHN 2000 (Leco Corp., St. Joseph, 
MI) equipped with infrared cell and thermal conductivity detectors for C and N concentrations, 
respectively. 
 
5.2.5 Greenhouse Gas Flux Study 
To investigate the rate of greenhouse gas flux from stored biomass, 22 desiccators with 
gas valves were emptied of desiccant, washed, and 150-250 ml of saturated salt solution with 
excess salt added.  Salts were selected based on the desired equilibrium relative humidity (Table 
5.1) (Kitic et al., 1986; Smith et al., 2009).  Gas valves were fitted with rubber septa to prevent 
gas exchange when opened.  Switchgrass bales (see above) were placed in desiccators on the day 
they were made. Containers ranged in volume from 2.6 to 22.7 L, with estimated headspace of 
2.2 to 22.4 L.  Differences in container volume were not considered during statistical analysis, 
except during calculations of total gas release from biomass.  Desiccators were immediately 
placed in storage locations to maintain the target temperature – a laboratory bench (23°C), a 
refrigerator (4°C), or a drying oven (40°C) and allowed to equilibrate for six days before the 
sampling period began. Temperature in each location was monitored over the storage period. 
Samples were taken approximately weekly (12 time points in minimum of 2 and 
maximum 11 day intervals) for 60 days between December 6, 2011 and February 6, 2012.  At 
each sampling event, a 20 ml sample was taken from the desiccator gas valve with a hypodermic 
needle, injected and compressed into evacuated 12 ml glass vials (Labco, High Wycombe, UK).  
The lid of the desiccator was then opened, waved four times to maximize air mixture throughout 
the container, and re-sealed.  A second sample from the same container was taken immediately to 
determine a new baseline concentration. The samples were analyzed for CH4 and N2O using a 
Varian gas chromatograph (GC, Varian CP 3800, Sunnyvale, CA) with an electron capture 
detector and flame ionization detector.  A near-ambient concentration gas mixture standard was 
used to calibrate the gas chromatograph. 
Gas fluxes were calculated by converting measured concentrations to mass of each gas, 
based on the volume of each container, the estimated volume of its contents, and the density of air 




Table 5.1 Experimental design for switchgrass greenhouse gas flux experiment, showing the 
number of bales at each temperature and moisture combination.  A response surface analytical 
design was used, allowing for unequal assignment of bales to each condition, and emphasizing 
replication of the central point and those conditions expected to have the greatest interest and 
variability. 
Target Moisture (wet basis) AW Salt 4°C 23°C 40°C 
18% 0.96 – 0.98 K2SO4 2 3 4 
14% 0.82 – 0.84 KCl 2 5 2 
10% 0.75 NaCl 1 2 1 
 
as the difference between the quantity of each gas in the aerated, mixed sample of the previous 
time point and the initial sample of the subsequent time point. 
 
5.2.6 Statistical Analysis 
Data processing, mean values, and confidence interval calculations were done in 
Microsoft Excel 2010 (Microsoft Corp., Redmond, WA).  ANOVA tests, response surface 
analyses, and all other statistical tests were done in SAS 9.2 and 9.3 (SAS Institute, Cary, NC). 
Outlier detection using Cook’s distance (criterion 𝐷𝑖 > 4𝑛 ) identified one outlier in N2O emissions 
data which was excluded from analyses. 
Total CO2 production calculated as described above was used to estimate dry matter loss 
from each bale for which CO2 was measured, using the formula: 
 𝐷𝑀𝐿 = 𝑅𝐶𝑂2∗𝑡∗180 264�
𝑏𝑎𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡  Eq. 5.1 
Where DML is dry matter loss (g/kg), RCO2 is the rate of CO2 production (g/day), t is the 
storage duration (days), bale weight is the initial estimated dry weight of the bale (kg), and 
180/264 is the ratio of biomass carbon in respired CO2 (the ratio of the weights of 1 mol glucose 
and 6 mol CO2). 
 
5.3 Results 
5.3.1 Sorghum and Switchgrass Storage, 2010 
Sorghum and switchgrass biomass prepared for storage varied substantially in density 
and moisture content, but dry matter loss was kept at low to moderate levels in all treatments 
except for high-moisture sorghum bales, in which losses exceeded 20% of dry matter at 24 weeks 
(Table 5.2).  Sorghum silage formed the most consistent storage packages, in terms of both bale 
size & shape and estimated biomass density.  Dry sorghum bales varied dramatically in density 




Switchgrass did not retain its shape when packed with the modified log splitter used to form 
sorghum bales, necessitating baling with a conventional small square baler.  When bale leaflets 
were removed for storage experiments, already twine-wrapped, some expansion also occurred.  
Density of the switchgrass varied less than the sorghum packages, ranging from 63 to 104 kg/m3. 
Bale weights decreased during storage, as shown in Figure 5.3, remaining highly 
consistent between sorghum bales of both high-moisture and low-moisture treatments.  Although 
the initial weights of switchgrass bale leaflets varied much more than the sorghum bales, a similar 
pattern of weight loss can be seen among bales within each moisture treatment. 
Anaerobic storage of sorghum showed higher and more variable dry matter loss than 
most other treatments, but proved more stable than similar bagasse stored aerobically at high 
moisture.  ANOVA analysis of dry matter loss (Table 5.3) across treatments shows that crop 
(sorghum vs switchgrass), storage method (bales vs silage) and initial biomass moisture have 
statistically significant effects.  Duration of storage (8 vs 24 weeks) and density of stored material 
appear insignificant (p > 0.25), although these results may be complicated by low mean losses 
relative to variability in switchgrass and the confounding of density with other experimental 
variables, respectively. 
 
Table 5.2 Initial density and moisture content, storage duration, final mositure and dry matter loss 
for sorghum silage, sorghum bagasse, and switchgrass bale flakes during the 2010 storage trial. 




Days Final moisture Dry matter 
loss 
Sorghum Silage 225.7 ± 3.5 68.7 ± 0.7% 168 69.8 ± 1.2% 7.4 ± 4.6%* 
Sorghum 
Bagasse 
192 ± 23 11.2 ± 2.0% 56 6.5 ± 0.6% 0.1 ± 0.9% 
168 4.3 ± 0.9% 5.5 ± 1.6%* 
188 ± 51 25.5% 56 22.0 ± 4.1% 24.9 ± 4.0%* 
168 7.7 ± 0.9% 31.2 ± 2.7%* 
Switchgrass 84 ± 10 14.4 ± 0.3% 56 5.0 ± 0.7% 1.7 ± 0.6%* 
168 4.3 ± 0.5% 0.3 ± 1.5% 
82 ± 13 24.5 ± 0.4% 56 6.5 ± 1.1% 3.9 ± 1.2%* 
168 4.2 ± 0.8% 1.0 ± 0.8%* 
 
Table 5.3 ANOVA results for dry matter loss from sorghum silage, sorghum bagasse, and 
switchgrass bale flakes during the 2010 storage trial (p < 0.0001) (iMC, initial moisture content). 
Source df Type III SS Mean Square F Value Pr > F 
crop 1 0.05328431 0.05328431 17.01 0.0002 
method 1 0.18497959 0.18497959 59.05 <.0001 
iMC 1 0.16849675 0.16849675 53.78 <.0001 
days 1 0.00379262 0.00379262 1.21 0.2792 





Figure 5.3 Weight of each switchgrass (orange) and sorghum bagasse (green) bale over the 2010 
storage trial. Solid lines indicate high-moisture treatments; dashed lines represent low-moisture 
bales. 
 
5.3.2 Switchgrass and Miscanthus Storage, 2011 
Use of the laboratory-scale baling column allowed comparable packages of switchgrass 
and miscanthus to be pressed for storage experiments.  Though variability in density was still 
high (s.d. > 10 kg/m3), most average treatment densities were near the targets of 150 and 250 
kg/m3 (Figure 5.4). Matching target moisture contents proved more challenging.  Harvested 
biomass dried unevenly, and at rates which were difficult to anticipate.  Switchgrass bales, which 
were baled before miscanthus as the material dried, did not match the treatment targets in all 
cases.  Seven high-density and five low-density bales were pressed at a moisture range between 
the moderate and high-moisture targets. These were deemed a fourth moisture treatment group.  
Miscanthus was allowed to dry below the high and moderate moisture targets and re-wet to the 
desired treatment conditions.  In most cases, this procedure succeeded in matching the target 
moisture contents. Three bales were pressed with highly variable moisture biomass which 





Figure 5.4 Average moisture content of bulk material (± standard deviation) from which bales 
were made, and density (± range) of bales used in storage study.  Black bars show target moisture 




Table 5.4 ANOVA results for moisture loss in lab-scale bales of miscanthus and switchgrass (p < 
0.0001) (iMC, initial moisture content). 
Source df Type III SS Mean Square F Value Pr > F 
crop 1 0.03486469 0.03486469 70.78 <.0001 
iMC 1 0.34048599 0.34048599 691.22 <.0001 
density 1 0.00255178 0.00255178 5.18 0.0244 
days 1 0.14683056 0.14683056 298.08 <.0001 
 
 
Table 5.5 ANOVA results for dry matter loss in lab-scale bales of miscanthus and switchgrass (p 
= 0.13) (iMC, initial moisture content). 
Source df Type III SS Mean Square F Value Pr > F 
crop 1 0.00023630 0.00023630 0.15 0.6982 
iMC 1 0.01085754 0.01085754 6.94 0.0094 
density 1 0.00000015 0.00000015 0.00 0.9923 






Figure 5.5 Moisture content over time for each bale group by crop (switchgrass = orange, 
miscanthus = green), density (solid lines = high density, dashed lines = low density), and 
moisture content.  Error bars omitted for clarity (standard deviations ranged from 0.1% to 3.6% 
with an average of 1.0%). 
 
Both switchgrass and miscanthus bales lost significant moisture during storage (Figure 
5.5), though condensation inside the storage boxes was seen in only a few cases during the first 
30 days of storage. Variability in biomass moisture remained low throughout storage, with a 
mean standard deviation of 1.0% moisture content (range 0.1% to 3.6% among all treatments and 
time points). Although miscanthus and switchgrass bales had similar initial moisture content 
across treatments, a distinct difference appeared by 30 days in storage. Miscanthus bales dried 
more quickly and to a lower final moisture content than switchgrass bales – all miscanthus 
treatments showed lower moisture than any switchgrass treatment by 90 days.  ANOVA of 
moisture content data shows highly significant effects of crop, initial moisture, and duration of 
storage (p < 0.001); bale density was also significant (p < 0.05) (Table 5.4). 
Dry matter loss during storage of switchgrass and miscanthus was highly variable within 
and between treatments. Though most treatments showed significant biomass loss, there was no 
apparent trend of increasing losses after the first time point at 30 days of storage (Table 5.5). 
While average values for all treatments and time points showed positive mass loss, of the 60 bales 
of each crop, negative dry mass loss results were obtained for 8 switchgrass bales and 6 
miscanthus bales.  The range of mass loss values ranged from -7.6 – 14.2% (switchgrass) and -5.9 




Table 5.6 Average dry matter loss for each treatment and time point (± standard deviation when n 
≥ 3) during storage of laboratory-scale bales of switchgrass and miscanthus. 
 Density Moisture Days in storage 
 (kg/m3) ( % wb) 30 60 90 
Switchgrass 250.6 ± 18.9 31.4 ± 2.7 4.1 ± 5.4% 5.6 ± 4.4% 5.8 ± 3.9% 
26.6 ± 1.9 7.0% 7.8% 6.4 ± 2.1% 
20.2 ± 3.6 5.8 ± 5.6% 8.5 ± 5.0% 5.7 ± 4.7% 
15.3 ± 1.6 1.3 ± 1.8% 1.0 ± 1.7% 0.3 ± 1.1% 
159.3 ± 11.8 34.2 ± 0.7 7.1 ± 5.6% 8.8 ± 3.1% 7.5 ± 4.7% 
27.0 ± 0.5 0.6% 4.5% 2.4 ± 0.9% 
19.4 ± 1.8 5.9 ± 3.2% 7.7% 6.9 ± 1.7% 
15.3 ± 1.6 1.3 ± 4.2% 5.9 ± 2.9% 1.8 ± 4.7% 
Miscanthus 235.5 ± 18.9 32.6 ± 0.2 1.5 ± 5.1% 6.5 ± 2.5% 4.2 ± 4.3% 
21.4 ± 1.0 8.3 ± 2.8% 6.3 ± 5.4% 5.3 ± 5.1% 
11.8 ± 3.7 4.3 ± 4.4% 3.3 ± 2.0% 1.8 ± 4.1% 
155.5 ± 16.3 31.0 ± 1.2 4.5 ± 1.2% 2.5% 6.3 ± 2.5% 
23.4 ± 3.7 3.7 ± 4.6% 3.2 ± 1.2% 4.1 ± 3.4% 
14.2 ± 2.6 7.9 ± 1.6% 5.5 ± 2.9% 6.5 ± 3.0% 
 
moisture content had a statistically significant effect, substantially increasing dry matter loss 
(Table 5.6). 
 
5.3.3 Greenhouse Gas Flux Experiment 
Bales pressed for the controlled-environment direct emissions experiment using the 
laboratory-scale baling column showed a much lower variability in initial moisture content than 
those for the previous storage experiment. Bale moisture measured at the end of storage appeared 
more variable than moisture of biomass at baling, and bales in all treatments gained in moisture 
during storage (Table 5.7).  Measurements of CO2 concentrations ranged from 204 to 155000 
ppm over the 60-day emissions monitoring period. Methane and nitrous oxide ranged from 1.97 – 
4.83 ppm and 0.35 – 1.13 ppm, respectively.  
While dry matter loss measurements indicated mass gain in 16 of 22 bales, average dry 
matter loss was positive for two of the warmest high-moisture treatments.  Estimated dry matter 
loss based on CO2 production shows a strong correlation with measured values (Figure 5.6).  CO2 
emissions appeared consistent over the storage period for most bales, and showed significant 
dependence on first- and second-order temperature parameters, as well as the temperature x 
moisture interaction (Table 5.8). Both the master response surface and predictive model for CO2 
emissions were highly significant (p < 0.0001): 




Where temp indicates temperature in degrees Celsius and MC indicates moisture content 
percent, wet basis, as a decimal. 
CH4 and N2O production showed much weaker correlation with measured mass loss 
(figure 5.7). N2O emissions show a significant relationship with measured dry matter loss (p < 
0.001, R2 = 0.46), but correlate more strongly with CO2 emissions (g/kg; p < 0.001, R2 = 0.60). 
Data from one bale is excluded as an outlier (Cook’s distance, criterion 𝐷𝑖 > 4𝑛). CH4 was not 
significantly correlated with either dry matter loss or CO2 emissions (p > 0.1). Though the range 
of CH4 and N2O concentrations was small, the variability in total emissions between bales within 
and between treatments was large.  Response surface analyses of methane emissions show 
temperature as the distinctly most significant parameter (Table 5.9).  Neither moisture nor the 
temperature x moisture interaction are significant (p > 0.3).  The predictive model, selecting 
parameters with final p < 0.1, is:  
CH4 (µg/kg DM) = 59.68 + 5.53 * TEMP 
Nitrous oxide emissions are also affected by temperature, the only significant parameter 
in the initial response surface regression, but both moisture and the temperature x moisture 
interaction are borderline significant in a reduced predictive model (Table 5.10): 




Table 5.7 Moisture content, experimental design, and dry matter loss and gas emissions results 
from switchgrass bales stored under controlled humidity and temperature. 











40 4 7.0 ± 0.8% 66.5 ± 14.4 338 ± 57 125 ± 106 
23 3 0.0 ± 1.0% 17.7 ± 13.6 98 ± 112 33 ± 11 





40 2 -0.50% 15.9 168 57 
23 5 -2.6 ± 0.8% 4.7 ± 1.7 308 ± 270 27 ± 26 





40 1 -1.90% 2.8 329 5 
23 2 -3.50% 0.3 283 36 






Table 5.8 Response surface model fit for CO2 (predictive model: g CO2 / kg DM). 
Master Model    Predictive Model   
Term Estimate Std Err t Pr > t Estimate Std Err t Pr > t 
Temp -3.8245 0.99159 -3.86 0.0014 -3.90123 1.0138 -3.85 0.0013 
MC -1119.6 724.323 -1.55 0.1417 -158.92 145.93 -1.09 0.2913 
Temp*Temp 0.033210 0.01383 2.4 0.0288 0.03415 0.01414 2.41 0.0273 
Temp*MC 21.9349 5.2437 4.18 0.0007 22.223 5.3657 4.14 0.0007 
MC*MC 3303.275 2441.969 1.35 0.1950     
 
Figure 5.6 DML by CO2 emissions vs DML by weight (R2 = 0.92, p < 0.01).  
 
Table 5.9 Response surface results and model fit for CH4. 
Master Model    Predictive Model   
Term Estimate Std Err t Pr > t Estimate Std Err t Pr > t 
Temp 100.4129 50.85925 1.97433 0.0671 99.51739 44.26055 2.24844 0.0366 
MC -25.5166 48.7618 -0.52329 0.6084     
Temp*Temp -61.474 70.20221 -0.87567 0.395     
Temp*MC 15.32589 64.01324 0.239418 0.814     














Table 5.10 Response surface results and model fit for N2O. 
Master Model    Predictive Model   
Term Estimate Std Err t Pr > t Estimate Std Err t Pr > t 
Temp 16.6437 5.48795 3.02377 0.0084 16.6535 5.15127 3.232892 0.0049 
MC 8.6836 5.261625 1.65038 0.1196 8.71578 4.80565 1.813652 0.0874 
Temp*Temp 0.38042 7.575146 0.05022 0.9606     
Temp*MC 12.0374 6.907327 1.74269 0.1018 12.0570 6.47547 1.861944 0.0800 




5.4.1 Major Experimental Results 
Dry matter losses, determined by measuring biomass weight and moisture content, varied 
widely between treatments and crop species, although they are well within the ranges reported in 
other studies, as described in Chapter 2 and Chapter 4.  During the 2010 and 2011 bale storage 
trials, switchgrass losses ranged from approximately zero over 24 weeks at low moisture (<15% 
wet basis) to over 11-14% in several high-moisture bales (>25% initial moisture, wet basis) in 
only 90 days. Sweet sorghum bagasse packages showed even more extreme sensitivity to initial 
moisture content.  Sorghum at 11% moisture showed no significant losses at 8 weeks in storage 
(0.1 ± 0.9%), while samples from the same harvest stored at 25% moisture showed 25 ± 4% dry 
matter losses over the same time period.  Laboratory-scale bales of miscanthus appeared less 
sensitive to moisture content, with average dry matter loss from some low-moisture treatments 
equal to or greater than those at high moisture content at 30, 60, and 90 days in storage. 
Differences in the response of each biomass crop to moisture content likely depends on a 
wide range of effects, including differences in equilibrium water activity – the accessibility of 
moisture to bacteria and fungi – and the drying rate of the material during storage.  Biomass 
packages in both the 2010 and 2011 storage trials dried rapidly, with bulk weight and estimated 
moisture content losses showing lower variability than dry matter loss estimates.  The analysis of 
moisture content loss from laboratory-scale bales of switchgrass and miscanthus shows much 
stronger relationships between moisture content and the treatment parameters than a similar 
assessment of dry matter loss.  Drying obscured the differences between moisture treatments, as 
average moisture in the high-moisture miscanthus bale groups dropped below the initial moisture 
of the next lowest treatment group within the first 30 day (figure 5.4). A more accurate and 




storage environment. Clearly, the storage boxes designed and used for the 2011 laboratory-scale 
bale storage experiment did little to prevent bale drying. 
In each storage experiment, the larger-stemmed biomass crop (sweet sorghum, 
miscanthus) dried more quickly than the smaller-stemmed crop (switchgrass).  When handling the 
material, the larger stalks clearly showed greater splitting and cracking during harvest and 
packing for storage.  This likely led to more rapid migration of moisture out of the biomass.  The 
physical characteristics of these crops clearly have a strong influence on the best practices for 
harvest and storage. Switchgrass shows much greater resilience during compaction than sorghum 
or miscanthus, complicating laboratory-scale storage methods.  Miscanthus stalks are unusually 
sharp, necessitating skin and eye protection beyond that needed for the other crops tested in these 
studies (especially when miscanthus is finely chopped or during windy field conditions).  And the 
high residual sugar content of sweet sorghum, even after pressing, may pose additional economic 
and health risks due to biomass loss, infestation (a large number of moths were seen in the 
vicinity of the sweet sorghum bales for several months beginning shortly after the beginning of 
the storage experiment), or fungal growth if storage is mismanaged. Ensiling sorghum bagasse 
may mitigate these problems.  Silage is a proven storage method for crops prone to spoilage and 
showed much lower dry mass loss than the high-moisture aerobic sorghum bales in the present 
study. 
Switchgrass storage in more controlled conditions prevented moisture loss during storage, 
but further exposed difficulties in biomass moisture and dry matter loss measurements. When 
stored in closed containers with humidity controlled with saturated salt solutions, switchgrass 
bales gained moisture over the storage study (Table 5.7), indicating a mismatch between the 
expected and actual equilibrium between humidity and switchgrass biomass moisture. 
Despite the problematic negative values obtained for dry matter loss during humidity-
controlled switchgrass storage, measurements of CO2 flux from the same biomass indicates that 
the relative differences in dry matter loss may still be accurate. CO2 emissions, and biomass 
losses estimated from those emissions, correlate well with dry matter loss (R2 = 0.92).  This 
suggests that differences between dry matter loss values estimated from moisture content and bale 
weight are linked with differences in microbial respiration rates and biomass degradation. 
Both methane and nitrous oxide were detected at increased levels in closed, humidity-
controlled storage containers.  Emission rates varied from approximately zero to about 600 µg 
CH4/kg dry matter and 280 µg N2O/kg dry matter over the 60-day measurement period, and 




CO2, indicating a connection with overall metabolic activity.  CH4, however, showed no statistical 
relationship with dry matter loss or CO2 emissions.  This fits with the current understanding of 
aerobic biomass degradation, which is not expected to generate methane.  In fact, the detection of 
methane emissions at any rate may be unexpected, considering that the degradation of organic 
matter in aerobic agricultural soils, which are expected to be the source of most of the microbial 
populations in stored biomass, is often found to be a methane sink (Le Mer and Roger, 2001). 
The wide range of potential non-CO2 greenhouse gas emissions during biomass storage 
has potential to influence the net global warming potential of biofuels, as assessed in Chapter 3.  
Data from this study suggests that emissions of N2O, a much more potent greenhouse gas than 
CO2 or CH4, are positively influenced by temperature and moisture conditions during storage. 
Excluding the influence of an outlier, the potential impact of these emissions during aerobic bale 
storage appears low.  Even under conditions with very low metabolic activity (< 1.0 g CO2/kg dry 
matter) N2O emissions represented only 4% the global warming potential of the CO2 produced.  
Among treatments with higher metabolic activity, the global warming potential of N2O emissions 
was under 0.5% that of CO2. 
 
5.4.2 Methods Development 
The laboratory-scale baling equipment used in the 2011 switchgrass and miscanthus 
storage trials was generally effective for creating a large number of biomass packages of similar 
size and density.  Some practice by the operators substantially reduced the variability in both bale 
density and packing time.  Different methods may be needed to ensure accurate estimation of 
biomass moisture, however.  Since the moisture content of each bale cannot be measured directly 
without drying the bales, damaging the microbial population and, of course, altering the moisture 
content of the biomass, it was assumed for these studies that the moisture of each bale was 
essentially the same as the moisture of the bulk material from which the bale material was 
sampled.  However, controlling the moisture of bulk material prior to storage proved difficult.  
Variability within and between bulk bags of harvested switchgrass and miscanthus stored indoors 
made estimating the true average moisture content and drying rate of each bag quite difficult.  
This reflects the well-known difficulty in estimating moisture in larger-scale biomass storage 
(Miller, 2013; Schechinger and Hettenhaus, 2004; Smith et al., 2013). 
Negative dry matter loss values across several of the storage studies reported here reflect 
an additional uncertainty that bulk biomass content accurately represents the moisture of samples 




result in over- or under-estimate of the dry matter loss during storage, by causing the researcher 
to overestimate or underestimate the initial amount of dry matter in the sample. The 
preponderance of negative dry matter loss values from that storage trial also provide further 
evidence that the vortex method of moisture content measurement used throughout these storage 
trials may not be sufficiently accurate.  Although Buckmaster (2005) found the method of similar 
accuracy to methods considered standard by the ASABE, differences in composition, total 
moisture, and sample uniformity between the biomass samples in this study and the forage 
assessed by Buckmaster may have led to difficulties in moisture estimation. 
Additional complications with using biomass moisture as a storage parameter arise in 
trials with multiple biomass crops.  Water activity (AW), rather than moisture content, may be the 
more appropriate parameter with which to assess the influence of moisture on dry matter loss and 
other changes in biomass composition during storage.  AW represents the availability of water to 
the microbes and enzymes which act on the material, which varies depending on the composition 
and physical structure of biomass crop (and between physiological components within a crop – 
leaves, pith, etc.) (Bonner & Kenney, 2013; Igathinathane et al., 2005).  Assessing biomass 
storage on the basis of water activity could reduce apparent differences in dry matter loss and 
drying rates between crops at a given moisture content (% basis). 
Storing laboratory-scale bales of switchgrass in desiccators with saturated salt solutions 
with excess salt to control humidity at several temperatures allowed the estimation of emission 
rates for greenhouse gases under a variety of conditions.  Desiccators are designed to minimize 
air exchange in order to control moisture, and seemed a fitting container for this experiment.  
Since they are made of transparent glass and plastic, changes to the salt solution and biomass can 
be observed.  However, the variety of container materials (glass, plastic), sizes (2.6 to 22.7 L), 
and design of the gas sampling ports used in this experiment could have contributed to the 
variability in measured gas concentrations and calculated emissions rates.  Additionally, it is 
unknown whether all containers maintained a completely effective airtight seal throughout the 
sampling period.  While several of the desiccators made a notable ‘pop’ when opened, indicating 
a slight pressure difference and presumably an effective seal, most did not, either because 
metabolic activity was insufficient to cause a pressure difference or due to leakage from the 
container. Future experiments should use a standardized container design, tested for the rate of 






The use of a laboratory-scale baling column greatly improved the consistency in bale size 
and density, particularly between biomass crops and when operated by experienced users.  
Insulated boxes designed for bale storage did not adequately protect bales from the drying effects 
of a low-humidity indoor storage environment, and dry insulation and absorbent pads intended to 
prevent temperature fluctuations and condensation may have contributed to rapid bale drying.  
Future experiments should use alternate methods of controlling the bale storage environment, 
such as the individual humidity-controlled chambers used in the greenhouse gas emissions study. 
Across several biomass storage trials, initial biomass moisture content was the most 
consistently significant factor influencing dry matter loss. Storage method (silage vs baled 
sorghum bagasse) and crop (sorghum vs switchgrass) were also significant in at least one trial. 
Duration of storage was – surprisingly – not significant in either of two storage studies, most 
likely due to a combination of rapid biomass loss before the first sampling time points and the 
drying of small experimental biomass packages stored indoors. More accurate estimation of bale 
moisture prior storage and greater control of environmental conditions during future storage 
studies could lead to a more accurate assessment of the extent and drivers of dry matter loss 
during biomass storage. 
Measurements of greenhouse gas production by laboratory-scale switchgrass bales at 
controlled humidity were most consistently affected by temperature.  Moisture was only 
significant as an interaction effect with temperature or at a borderline-significant level, and 
appeared to have no effect on methane emissions.  Overall, estimated emissions rates of non-CO2 
greenhouse gases were very low, but concerns about leakage or diffusion from the storage 
containers and unexpectedly consistent detection of methane emissions from aerobically stored 
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CHAPTER 6. DIRECT EMISSION OF METHANE AND NITROUS OXIDE FROM 
SWITCHGRASS AND CORN STOVER: IMPLICATIONS FOR LARGE SCALE 
BIOMASS STORAGE 
6.1 Abstract 
Little is known about the contributions of biomass feedstock storage to the net 
greenhouse gas emissions from cellulosic biofuels. Direct emissions of methane and nitrous oxide 
during decomposition in storage may contribute substantially to the global warming potential of 
biofuels.  In this study, laboratory-scale bales of switchgrass and corn stover were stored under a 
range of moisture (13.0% to 32.9%) and temperature (5°C to 35°C) conditions and monitored for 
O2 consumption and CO2, CH4, and N2O production over eight weeks.  Concentrations and 
emissions rates for all gases were highly variable within and between experimental groups.  
Stover bales produced higher CO2 concentrations (p = 0.0002) and lower O2 (p < 0.0001) during 
storage than switchgrass bales. Methane concentrations (1.8 - 2100 ppm) were inversely 
correlated with bale moisture (p < 0.05), with emissions rates ranging from 4.4 to 914.9 µg/kg 
DM/day.  Nitrous oxide concentrations ranged from 0 – 31 ppm, and emissions from switchgrass 
bales inversely correlated with temperature and moisture (p < 0.0001). Estimated net global 
warming potential (0 – 2.4 gCO2e/kg DM) suggests that direct emission of CH4 and N2O from 




Reduced greenhouse gas emissions are a key benefit of cellulosic biofuels over 
conventional transportation fuels.  Estimates of net emissions vary widely depending on the 
feedstock and agronomic parameters (Persson et al., 2010, Wang et al., 2012), processing method 
(Kaliyan et al., 2011, Mu et al., 2010), and modeling assumptions (Kim et al., 2012).  Reviews of 
sources of uncertainty in biofuel emissions reveal a wide range of targets for model, technology, 




greenhouse gas emissions associated with biomass production, harvest, and storage (Mullins et al., 
2011, Scown, 2012). 
Of the emissions associated with biomass production, little is known about the rate of 
non-CO2 greenhouse gas production during biomass feedstock storage.  Although the quantity of 
these emissions is expected to be small, the global warming potential of methane and nitrous 
oxide are 25 and 298 times greater than that of CO2, magnifying their impact on net greenhouse 
gas emissions from biofuels.  Decomposition occurs during storage of forages and other biomass 
crops, and affects a wide range of biomass quality parameters (Coblentz et al., 2000, Shinners et 
al., 2011), but gaseous emissions have not been thoroughly examined.  The need to minimize 
feedstock costs to the biorefinery may preclude storage methods and facilities which completely 
minimize biomass losses, thereby magnifying the influence net emissions from agricultural 
practices which must increase to make up for the loss (Smith et al., 2013). Recent efforts to 
incorporate storage parameters into a biofuel life cycle assessment model highlight direct 
emissions of greenhouse gases during storage as a key uncertainty. Modeling a contribution of 1% 
of carbon lost during storage to methane production resulted in a 15-fold increase in net methane 
emissions for the entire life cycle of miscanthus-derived ethanol, contributing 3.75 gCO2e/MJ to 
net greenhouse gas emissions (Figure 4.5). 
Most data on gaseous emissions from forages and other biomass crops has been collected 
with the goal of understanding the toxicity and composition of “silage gas”, primarily CO2, NOX, 
and N2O (Meiering et al., 1988, Wang and Burris, 1960).  Studies of 15N-nitrate added to silage 
and lost as NOX or N2O report losses of 0.9% to 2% as N2O, with some concerns that this may 
underestimate true nitrate conversion due to measurement methodology (Ataku, 1982, Spoelstra, 
1985). A more recent study reported potentially hazardous levels of NOX near silos during feed-
out, though the total estimated N lost represented less than 0.0001% total biomass N, suggesting 
that net N2O emissions during end-of-storage processes may be insignificant (Maw et al., 2002). 
Unfortunately, most data from forage and silage literature do not include either total gas 
generated, total biomass from which gasses were emitted, or both. This makes it difficult to 
estimate with certainty the net greenhouse gas emitted during storage. 
Studies of greenhouse gas production during decomposition of other biomass sources 
have come to similar conclusions.  N2O emissions from manure may account for less than 0.1% 
to 2.6% of total biomass N (Martins and Dewes, 1992, Petersen et al., 1998).  A study of 
greenhouse gas emissions from composting of mixed hay reports that 0.5% of total initial N lost 




decomposition during manure and hay composting differs from that during biofuel feedstock 
storage, the proportion of emissions from lost biomass may be similar.  A recent study of biomass 
loss and gaseous emissions during laboratory storage of woody residues in airtight containers 
found elevated CO and CH4 at higher storage temperatures, up to 1800 and 1600 ppm 
respectively (He et al., 2012). 
Direct emissions of non-CO2 greenhouse gases from biomass could have a substantial 
effect on the net global warming potential of next-generation biofuels. This study presents 
evidence of methane and nitrous oxide production during aerobic storage of corn stover and 
switchgrass, two major biomass feedstock candidates, and provides preliminary measurements of 
direct emissions for biofuel life cycle assessments. 
 
6.3 Materials and Methods 
6.3.1 Chemicals and Reagents 
All chemicals and reagents were obtained from Sigma-Aldrich (St. Louis, MO), except 
where noted below. 
 
6.3.2 Biomass Collection and Baling 
Corn stover was collected by hand one day after grain harvest on November 5, 2012 from 
a commercial hybrid of yellow dent #2 corn at the Throckmorton-Purdue Agricultural Center 
(TPAC) in Tippecanoe County, Indiana. Temperature on the day of collection was 9°C, with 50% 
relative humidity; no precipitation occurred between grain harvest and stover collection.  Stover 
moisture was measured November 8, and varied from 35.4% to 56.1% (all moisture contents 
reported on wet weight basis).  An upland switchgrass (Panicum virgatum) ecotype, “Shawnee” 
grown at TPAC was cut with a Carter flail-type chopper (Carter Manufacturing Co., Brookston, 
IN), piled on the side of the field on November 14, 2012, and collected by hand on November 16. 
Temperature between harvest and collection ranged from -5°C to 7°C; there was no precipitation 
between harvest and collection. Switchgrass moisture was 17.4 ± 5.0% at harvest. Stover and 
switchgrass were stored indoors in 113.6 L paper bags until further prepared as described below.  
Biomass was allowed to air dry indoors to 13.1 ± 2.7% (stover) or 14.6 ± 1.6% moisture 
(switchgrass).  When biomass dried below the target moisture for a treatment, it was re-wet, 
mixed thoroughly, and equilibrated in a closed plastic bin for at least 18 hours before measuring 
moisture content again.  Bulk biomass moisture content was measured by forcing hot air through 




described by Buckmaster (2005).  The sample was weighed at ≥ 5 minute intervals until weight 
changed by less than 1 gram per 5 minutes.  A minimum of 3 measurements were made for each 
moisture determination.   
A small steel baling column, based on designs by Coblentz et al. (1993), and a hand 
crank press were used to generate 30 laboratory-scale bales from each biomass crop. Each bale 
was approximately 10.5 x 10.5 cm depth x height and 11 to 14 cm in length.  For each bale, 
roughly 350 g biomass (dry weight) was sampled from bulk storage. This material was 
thoroughly mixed, and throughout the baling process 3 subsamples of at least 25 g were bagged 
and dried for moisture content determination, and 3 additional subsamples of 10 to 30 g were 
wrapped in plastic mesh and placed with the bale in a biomass container. All moisture content 
measurements of laboratory-scale bales and subsamples were made by oven drying at 105°C for 
no less than 24 hours following the ASABE standard method S358.2 (ASABE, 1988). This 
method of moisture determination is referred to as the “oven” method below.  Bale density ranged 
from 105 to 190 dry kg/m3 (corn stover) and 137 to 236 dry kg/m3 (switchgrass). 
Biomass samples for water activity measurements were milled to pass through a 0.4064 
mm screen (40 mesh, ASTM) in a Mini Wiley Mill (Thomas Scientific, Swedesboro, NJ), mixed 
thoroughly, and divided. Subsamples (12.00 g) were rewet to 10%, 15%, 20%, 25%, 30%, and 35% 
moisture content and allowed to equilibrate in small plastic sample bags for 24 hours. Triplicate 
measurements were made at 25°C using a water activity meter (AquaLab Series 3, Decagon 
Devices, Pullman, WA) and paired with moisture content measurements by a Halogen moisture 
analyzer (model HB43-S, Mettler-Toledo LLC, Columbus, OH). 
 
6.3.3 Biomass Container Design and Storage 
Plastic containers (7.57 L) fitted with airtight lids (Gamma Squared, Carlsbad CA) and 
gas sampling valves were used for biomass storage.  Saturated salt solutions with excess salt 
controlled the humidity in each container in order to minimize changes in biomass moisture 
content, as described by Smith et al. (Smith et al., 2009). Sodium chloride (AW 0.75), potassium 
nitrate (Aw 0.89 – 0.95), and potassium sulfate (Aw 0.97 – 0.98) were used to control the relative 
humidity at the three target levels. Bales of biomass were placed on perforated shelves within the 
containers above the saturated salt solutions. Biomass storage containers were placed in one of 
three temperature-controlled areas; a refrigerated storage facility (5°C), a workshop (20°C), or a 
grain drying room (35°C).  Conditions in each location were monitored using temperature & 




Table 6.1 Experimental design showing number of miniature bales at each condition from each 
biomass crop.  Number of containers sampled for O2 and CO2 shown in parentheses. 
AW 5°C 20°C 35°C 
0.97 – 0.98 3 (1) 5 (2) 5 (2) 
0.90 – 0.94 2 (1) 3 (2) 5 (2) 
0.75 2 (1) 2 (1) 3 (1) 
 
deviated more than 1°C (refrigerated storage and workshop) or 2°C (grain drying room) from the 
target temperature, ranging from 4 – 6°C, 19 – 22°C, and 30 – 35°C respectively over duration of 
storage. Humidity in each storage location was lower than the target humidity levels for the 
storage containers, ranging from 60 – 78% (refrigerated storage room), ≤ 16 – 55% (workshop), 
and ≤ 16 – 35% (grain drying room).  Thirty bales from each biomass crop were prepared and 
assigned unevenly to the nine temperature and moisture conditions according to Table 6.1, in a 
total of 60 individual storage containers. 
Bales were allowed to equilibrate with atmosphere in the closed storage containers for 18 
to 34 days, including a minimum of one week at storage temperature.  After equilibration, bales 
were re-weighed and mesh-wrapped subsamples removed for moisture content determination.  
Containers were then resealed and initial gas samples taken.  Moisture content of biomass at 
baling was used to estimate dry matter loss during storage. After 55 – 59 days in storage, bales 
were removed, weighed, and dried for moisture content and final dry mass measurements.  Three 
additional containers, each containing one of the saturated salt solutions with excess salt as 
described above, were used as controls.  Control containers were stored at 20°C and sampled for 
methane and nitrous oxide concentrations. 
 
6.3.4 Gas Sampling and Detection 
Gas samples were taken weekly (5°C and 20°C containers) or twice weekly (35°C 
containers). Each gas sample consisted of 20 ml of gas injected and compressed into evacuated 12 
ml glass vials (Labco, High Wycombe, UK).  The samples were analyzed for CH4 and N2O using 
a Varian gas chromatograph (GC, Varian CP 3800, Sunnyvale, CA) with an electron capture 
detector and flame ionization detector.  Additional samples for O2 and CO2 quantification were 
taken weekly from a subset of containers by injecting 30 ml sample gas into evacuated 20 ml 
glass vials with magnetic caps (Agilent, Santa Clara, CA), equalizing with atmospheric pressure 
using a needle during gas injection to the vial. These were analyzed by GC equipped with a FID 
detector, a TCD detector and a micro ECD (Agilent 7890, Santa Clara, CA).  Certified standards 




oxide measurements which fell outside the calibrated standard range were analyzed by 
extrapolating from the available standard curve. 
 
6.3.5 Modeling Respiration and Diffusion 
Prior to biomass storage, nine containers were partially filled with N2 gas to determine 
the rate of air infiltration.  Gas samples were drawn at 0, 2, 6, 23, 51, 71, 95, 167, and 215 hours 
(containers 1-6) or 0, 72, and 120 hours (containers 7-9) and analyzed for O2.  A first-order 
diffusion rate constant was estimated from the data based on the best-fit model: 
 (𝑂2* − 𝑂2 𝑡) = (𝑂2* − 𝑂2 t0)𝑒𝐾𝐷∗𝑡  Eq. 6.1 
Where O2* = Ambient O2 concentration (ppm), O2t0 = O2 concentration (ppm) 
immediately after N2 filling, O2t = O2 concentration (ppm) at t, KD = Rate of diffusion, and t = 
time (hours). 
Outliers were identified and excluded using Cook’s distance, criterion 𝐷𝑖 > 4𝑛; two 
observations were excluded on the basis of measurement error. The resulting estimate of KD was 
adjusted for differences in temperature between the laboratory in which measurements were 
obtained (22°C) and each of the storage locations according to the relationship (Cussler, 1997): 
 𝐾𝐷 𝑘2 = 𝐾𝐷 𝑘1 ∗ �𝑘2𝑘1�3 2�   Eq. 6.2 
Where k1 and k2 are the temperature in degrees Kelvin in the laboratory and the storage 
locations, respectively.  The rate constant KD was used to estimate diffusion of CH4, N2O, CO2, 
and O2 from each biomass container between each measurement time point.  Molecular weights, 
the ideal gas law, and an estimate for the porosity of baled switchgrass (64.6%) (Lam et al., 2008) 
were used to convert volumetric concentrations to a mass basis.  To check the accuracy of the 
diffusion coefficient for other gases, CO2 production was estimated at each measured time point 
from measured O2 values, assuming a 1:1 molar ratio of O2 consumption to CO2 production and 
the formula: 
 𝐶𝑂2 𝑡1 = 𝐶𝑂2 𝑡0 + 𝐶𝑂2 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 + 𝐶𝑂2 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛  Eq. 6.3 
Where  
 𝐶𝑂2 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 = 𝑂2 𝑡1 − 𝑂2 𝑡0 + (𝑂2* − 𝑂2 t0)𝑒𝐾𝐷∗(𝑡1−𝑡0)  Eq. 6.4 
And 
 𝐶𝑂2 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = (𝐶𝑂2* − 𝐶𝑂2 t0)𝑒𝐾𝐷∗(𝑡1−𝑡0)  Eq. 6.5 




Respiration rates were estimated for each container for which O2 and CO2 were measured 
by numerical integration of the following ordinary differential equations using the Euler method 
with a step size of 1 day: 
 𝑑𝑂2
𝑑𝑡
= −𝐾𝑅 + 𝐾𝐷 ∗ (𝑂2* − 𝑂2)  Eq. 6.6 
 𝑑𝐶𝑂2
𝑑𝑡
= 𝐾𝑅 + 𝐾𝐷 ∗ (𝐶𝑂2* − 𝐶𝑂2)  Eq. 6.7 
KR was determined individually for each container by using the Solve function in 
Microsoft Excel (Microsoft Corp., Redmond, WA) to minimize the SSE between the model and 
measured values of O2 and CO2. 
Total CO2 production calculated as described above was used to estimate dry matter loss 
from each bale for which CO2 was measured, using the formula: 
 𝐷𝑀𝐿 = 𝑅𝐶𝑂2∗𝑡∗180 264�
𝑏𝑎𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡   Eq. 6.8 
Where DML is dry matter loss (g/kg), RCO2 is the rate of CO2 production (g/day), t is the 
storage duration (days), bale weight is the initial estimated dry weight of the bale (kg), and 
180/264 is the ratio of biomass carbon in respired CO2 (the ratio of the weights of 1 mol glucose 
and 6 mol CO2). 
 
6.3.6 Statistical Analysis 
Gas concentration measurements were analyzed using a repeated measures model (PROC 
MIXED in SAS 9.3, SAS Institute, Cary, NC) against biomass moisture content, temperature, 
moisture x temperature interaction, crop, and time in storage.  The first-order autoregressive 
method was selected for generating covariance matrices, in order to adjust for the uneven spacing 
of measurements in time.  Background on these procedures, and a discussion of their applicability 
to this experiment, is presented in Appendix F.  O2 and CO2 data were analyzed on a weekly basis, 
while the more frequently sampled CH4 and N2O data were analyzed on a daily basis.  Highly 
variable data (CO2, CH4, and N2O) were log-transformed to reduce correlation of variance with 
concentration. Ten N2O and one CH4 concentration measurements were negative and excluded 
from log-transformed analyses, reducing the total number of data points from 721 to 711 and 
from 721 to 720, respectively.  
Mean CH4 and N2O emissions rates from each storage container (µg/kg DM/day) and 
total global warming emissions (gCO2e/MJ) were analyzed using a response surface analysis 




software (v. 8.0, SAS Institute, Cary, NC).  ANOVA was used to assess the effects of moisture 
content, temperature, and crop on dry matter loss rates during storage. 
 
6.4 Results 
6.4.1 Bale Moisture and Dry Matter Loss 
Initial bale moisture group means were close to the target moisture content for each 
treatment, and individual bale moisture estimates did not overlap between groups (Table 6.2). 
Target moisture contents were selected based on each crop’s equilibration at a certain water 
activity, which was expected to correlate with the degree of microbial activity (Smith et al., 2009). 
The moisture content of each bale appeared consistent throughout storage.  Final bale moisture 
varied by only -0.7 ± 2.7% from initial moisture estimates by subsampling, and changes were not 
significantly dependent on initial moisture or biomass crop at a threshold of p = 0.05 .  While 
most groups did not differ significantly, low-moisture corn stover bales lost 4% more water 
weight during storage than high-moisture corn stover bales, which on average gained in moisture 
(p < 0.05).  
Dry matter loss (DML) as determined by change in bale weight and moisture content was 
highly variable within and between treatment groups (Table 6.3).  In many cases, data suggested 
mass gain during storage (negative dry matter loss).  When dry matter loss was estimated from 
CO2 production, the losses were small (< 2.2%) in the cases where direct measurement resulted in 
a net gain. This suggests that direct measurements are highly variable.  While ANOVA found 
significant differences between groups (p < 0.0001, R2 = 0.40), only the temperature x moisture 
interaction term approached significance (0.05 < p < 0.1, Table 6.4). 
 
Table 6.2 Biomass moisture content targets, measurements, and changes during the storage period.  
*Changes in moisture significantly greater than zero (p < 0.05). Groups indicated by (†) are each 
missing one data point due to mechanical problems with the storage containers, reducing n from 
10 to 9 (AW 0.9) and from 13 to 12 (AW 0.97). 
Target Moisture (AW) Initial (± S.D.) Final  (± S.D.) Change  (± 95% C. I.) 
Corn Stover    
12-15% (0.75) 18.3 ± 1.3% 15.5 ± 1.8% -2.8 ± 1.7* 
22-25% (0.9) 24.5 ± 1.0%† 23.3 ± 3.6% -1.2 ± 2.3 
30-32% (0.97) 31.3 ± 2.3%† 32.9 ± 1.5% 1.6 ± 1.4* 
Switchgrass    
13-14% (0.75) 14.1 ± 1.2% 13.0 ± 0.8% -1.1 ± 0.9* 
19-21% (0.9) 21.0 ± 1.8% 20.0 ± 1.8% -0.9 ± 0.6* 




Table 6.3 Mean dry matter loss among storage treatment groups ± standard deviation where n ≥ 3. 
Values in parentheses indicate dry matter losses calculated from oxygen consumption data. 
Dry matter loss (g/kg) 
Corn Stover 
% Moisture: 18.3% 24.5% 31.3% 
35°C -9 ± 6 (2.1) 27 ± 14 (8.1) 84 ± 16 (5.5) 
20°C -55 (0.3) 33 ± 7 (8.0)  55 ± 53 (8.1) 
5°C -8 (0.2) 39 (2.9) -4 ± 88 (2.2) 
Switchgrass 
% Moisture: 14.1% 21.0% 26.2% 
35 °C -14 ± 22 (0.6) -1 ± 5 (0.9) 62 ± 48 (2.6) 
20 °C -3 (0.4) 4 ± 9 (0.9) 10 ± 41 (3.5) 
5 °C -25 (0.2) -29 (1.1) 31 ± 21 (1.7) 
 
Table 6.4 ANOVA results from analysis of dry matter loss during storage. 
 d.f. SS (type III) F value p 
Model 4 48017.93 9.12 < 0.0001 
Crop 1 41.56 0.03 0.8597 
Temp 1 1634.98 1.24 0.2700 
MC 1 654.05 0.50 0.4839 
Temp x MC 1 5043.66 3.83 0.0554 
 
Extremely prolific mold growth over large portions of many corn stover bales was 
observed at the end of the storage period, particularly on those at higher moisture and at or above 
20°C.  On most of the corn stover bales at high moisture and 35°C, white fungal growth almost 
completely obscured the bale.  While some mold was visible as spots on the biomass prior to 
baling, nearly all of this growth occurred in the storage containers during the equilibration and 
storage periods.  Additionally, a strong odor of decay was detected upon opening of many of the 
containers on which mold growth was most intense, as well as a noticeable ammonia odor.  Mold 
growth and odors were also present in switchgrass bales, though less frequent and less severe, and 
was generally restricted to those at the highest moisture and temperature treatment. 
 
6.4.2 Oxygen Consumption and Carbon Dioxide Production 
Modest oxygen infiltration was detected in each of the nine containers tested prior to the 
storage experiment, leading to an estimated diffusion coefficient for oxygen of 0.0054 ± 0.0004 h-





Table 6.5 Difference between mean CO2 content as estimated from O2 loss and as measured.  
*Containers for which mean estimated and measured CO2 concentrations are not statistically 
different (p < 0.05). 
Corn Stover Switchgrass 
Temp (°C) Moisture (%) ΔCO2 (%) Temp (°C) Moisture (%) ΔCO2 (%) 
5 18.3 0.68* 5 14.1 0.92 
20 18.3 1.52 20 14.1 1.12 
35 18.3 -0.1* 35 14.1 1.34 
5 24.5 -0.58* 5 21.0 -0.41* 
20 24.5 0.02* 20 21.0 0.06* 
20 24.5 -0.82* 20 21.0 0.12* 
35 24.5 -0.53* 35 21.0 0.73 
35 24.5 0.93 35 21.0 0.82 
5 31.3 -0.88 5 26.2 0.05* 
20 31.3 -0.52* 20 26.2 0.03* 
20 31.3 -0.26* 20 26.2 -1.65 
35 31.3 -0.16* 35 26.2 0.38 
35 31.3 -0.37* 35 26.2 -1.04 
 
diffusion showed close agreement to measured CO2 values, indicating that diffusion rates were 
similar across many storage containers and between gases (Table 6.5). 
Oxygen measurements ranged from 4.0% to 21.5% across all containers sampled for O2 
over the course of the experiment (Figure 6.1a,b). In most containers, a substantial decrease of O2 
from ambient levels was seen within the first 3 to 10 days of storage, after which O2 
concentrations varied within and between containers over time, but remained below ambient 
(21%). Of the 13 O2 samples of each crop, 12 corn stover and 11 switchgrass containers showed 
concentrations significantly below ambient (p < 0.05). 
CO2 production closely matched rates of O2 consumption in each container, with 
measurements ranging from 0.10% to 18.01% (Figure 6.1c,d).  Despite variability within and 
between containers throughout the experiment, CO2 and O2 measurements matched closely in 
each container at every time point. After adjusting for diffusion, CO2 measurements closely 
matched CO2 estimates based on a 1:1 molar relationship between metabolic O2 consumption and 
CO2 production (Table 6.5).  Figure 6.2 shows the modeled O2 concentration and measurements 
for three representative containers from different treatments.  Repeated measures analysis of O2 
concentrations reveals crop and moisture content as significant effects (p < 0.01), while time, 
temperature, and the temperature x moisture interaction are not (p > 0.4).  CO2 concentrations 




Figure 6.1 Gas concentration data from each storage container over the 55-59 day sampling 
period. Moisture treatments are differentiated by color (yellow = low, green = medium, blue = 
high moisture), temperature treatments by symbol and line pattern (triangle, short dash = 5°C, 
circle, long dash = 20°C, diamond, solid line = 35°C).  Note that CH4 is reported on a log scale. 




Figure 6.2 Gas O2 measurements and O2 from modeled respiration rates from three representative 
corn stover containers at low (-/-), moderate (0/0), and high (+/+) moisture and temperature. 
 
6.4.3 Methane Emissions 
Methane levels in most storage containers remained between 2 and 15 ppm throughout 
the study, indicating modest emissions above the control containers (Fig. 1e,f). A small number 
of containers had emission peaks between 100 and 2100 ppm, which lasted between one and three 
weeks. These peaks were higher and more common among switchgrass containers, and in almost 
all cases from the low moisture treatments. Mean cumulative emissions among each treatment 
ranged from 0.1 to 12.5 mg/kg DM (or 4.7 to 228.1 µg/kg DM/day) and 0.1 to 54.0 mg/kg DM 
(or 4.4 to 914.9 µg/kg DM/day) for corn stover and switchgrass, respectively, the highest levels 
due to the previously mentioned high emissions. 
Repeated measures regression of CH4 concentrations in each container suggests that 
moisture and time in storage are the significant factors, while the crop parameter was borderline 
significant (0.05 < p < 0.1) (Table 6.6).  Response surface analysis of mean methane emissions 
rates for each crop showed substantial differences in the contributions of different environmental 
conditions.  A response surface model of corn stover emissions (p < 0.05, R2 = 0.44, Table 6.7) 
found methane production to decrease with increasing bale moisture (p < 0.05); storage 
temperature and second-order terms were not significant (p > 0.1).  Methane production from 
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which correlated with a decrease in emissions (p < 0.05), while the overall model achieved only 
borderline significance (0.05 < p < 0.1, R2 = 0.34).  Methane emissions were not correlated with 
dry matter loss or respiration rate.  
Corn Stover:  
µg CH4 ∗ kg DM−1 ∗ day−1= 187 + 5.0 ∗ T − 0.14 ∗ T2 −  770 ∗ (MC − MC����) + 5200 ∗ (MC − MC����)2 +  14
∗ T ∗ (MC − MC����) 
Switchgrass:  
µg CH4 ∗ kg DM−1 ∗ day−1= −229 − 62 ∗ T + 1.3 ∗ T2 +  4100 ∗ (MC − MC����) + 27000 ∗ (MC − MC����)2
−  90 ∗ T ∗ (MC − MC����) 
Where T is the temperature in °C and MC is moisture content on a wet basis as a decimal 
percent.  Moisture content is centered on the study mean. 
 
6.4.4 Nitrous Oxide Emissions 
Concentrations of N2O in most containers ranged from 0.21 to 2.0 ppm throughout the 
storage study (Figure 6.1g,h).  In many cases, concentrations peaked at 5 to 14 ppm within the 
first 21 days before returning to lower levels.  Though three corn stover containers maintained 
consistently higher concentrations of 3 to 15 ppm for up to half of the storage period, the majority 
of the cumulative emissions were due to the early emission peaks.  One notable exception was a 
switchgrass container which maintained N2O above 10 ppm for the entire storage period, 
including an early increase to 31.8 ppm within the first 10 days.  The estimated emissions rate 
from this container, as well as a single corn stover container, met established outlier criteria 
(Cook’s distance criterion 𝐷𝑖 > 4𝑛), and N2O response surface results are presented both with and 
without these data points.   
Repeated measures regression of N2O concentrations show a strong dependence on time 
and storage conditions, but not crop type (Table 6.6).  Mean cumulative emissions among 
treatments ranged from 0.01 to 0.51 mg N2O/kg DM for corn stover (6.8 mg N2O/kg DM 
including outlier) and -0.01 to 0.54 mg N2O/kg DM for switchgrass (1.30 mg N2O/kg DM 
including outlier).  Response surface analysis of N2O emissions rates (µg/kg DM/day, Table 6.8) 





Table 6.6 Repeated measures analysis of gas concentration data. *Time modeled by week for O2 and CO2, by day for CH4 and N2O. 
 O2 (%) log CO2 (ppm) log CH4 (ppm) log N2O (ppm) 
 DF F Value P DF F Value P DF F Value P DF F Value P 
Crop 174 23.98 <0.0001 171 14.3 0.0002 322 2.84 0.0927 315 0.35 0.5551 
Time* 174 0.00 0.9953 171 0.01 0.9129 322 15.51 0.0001 315 10.23 0.0015 
Temp 174 0.59 0.4444 171 24.01 <0.0001 322 1.54 0.2153 315 8.37 0.0041 
MC 174 8.53 0.0040 171 80.42 <0.0001 322 5.13 0.0242 315 16.32 <0.0001 




Table 6.7 Methane emissions rates from stored biomass (± 
standard deviation where n > 3). 
CH4 (µg/kg DM/day) 
Corn Stover: 
%MC: 18.3% 24.5% 31.3% 
35°C 14.1 ± 13.7 27.2 ± 27.0 5.4 ± 1.4 
20°C 228.1 2.4 ± 0.7  1.5 ± 1.1 
5°C 53.9 35.8 4.7 ± 1.5 
Switchgrass: 
%MC: 14.1% 21.0% 26.2% 
35°C 16.1 ± 16.2 14.0 ± 4.5 166.2 ± 322.6 
20°C 2.4 5.6 ± 1.9 4.4 ± 2.3 





Table 6.8 Nitrous oxide emissions rates, ± standard deviation 
where n > 3, excluding outliers (values including outliers shown in 
parentheses). 
N2O (µg/kg DM/day) 
Corn Stover: 
%MC: 18.3% 24.5% 31.3% 
35°C 1.3 ± 0.9 4.3 ± 6.1 5.1 ± 0.6 
20°C 0.4 1.2 ± 1.1  4.8 ± 5.3 
(12.6 ± 18.1) 
5°C 0.1 2.7 3.6 ± 3.0 
Switchgrass: 
%MC: 14.1% 21.0% 26.2% 
35°C 5.6 ± 0.4 0.6 ± 1.7 -0.1 ± 0.7 
20°C 7.8 0.8 ± 0.9 0.3 ± 0.3 
(22.0 ± 48.5) 




regardless of inclusion of the outlier (p > 0.1).  While an analysis of all switchgrass data points 
provides similar results, exclusion of the outlier leads to an effective model of emissions based on 
storage conditions (p < 0.0001, R2 = 0.92) in which all first- and second-order parameters 
including moisture content are highly significant (p < 0.0001).  Emissions rates from switchgrass 
decrease with higher temperature and moisture, with the response surface model suggesting a 
saddle point at 0.06 µg/kg DM/day at 20.3°C and 25.1% moisture.   
Corn stover: n.s. 
Switchgrass: 
µg N2O ∗ kg DM−1 ∗ day−1= 19 − 0.07 ∗ T + 0.0001 ∗ T2 −  80 ∗ (MC − MC����) + 570 ∗ (MC − MC����)2 +  80
∗ T ∗ (MC − MC����) 
 
6.4.5 Global Warming Potential 
Presenting the impact of direct greenhouse gas emissions in terms of global warming 
potential (GWP) of a biofuel feedstock or finished fuel product such as ethanol depends on the 
expected rate of biomass loss in storage. However, because the estimates of dry matter losses 
obtained in this study vary so greatly, GWP results are presented on the basis of initial dry matter 
(i.e. biomass prior to storage). GWP emissions ranged from 0.07 to 13.1 mgCO2e/kg DM/day 
from corn stover and 0.10 to 32.5 mgCO2e/kg DM/day from switchgrass. GWP emissions from 
containers sampled for CO2 and O2 were not correlated with respiration rate (p > 0.5).  Table 6.9 
shows the contribution of direct emissions of methane and nitrous oxide during storage to biofuel  
 
Table 6.9 Global warming potential (GWP) of non-CO2 emissions from biomass during storage ± 
standard deviation where n > 3. 
non-CO2 GWP (gCO2e/MJ ethanol) 
Corn Stover: 
%MC: 18.3% 24.5% 31.3% 
35°C 0.02 ± 0.01 0.05 ± 0.04 0.04 ± 0.01 
20°C 0.13 0.01 ± 0.01  0.10 ± 0.14 
5°C 0.03 0.04 0.03 ± 0.02 
Switchgrass: 
%MC: 14.1% 21.0% 26.2% 
35°C 0.05 ± 0.01 0.02 ± 0.01 0.09 ± 0.17 
20°C 0.06 0.01 ± 0.01 0.17 ± 0.37 





greenhouse gas emissions, assuming constant conditions, a mean storage duration of 180 days,  




6.5.1 Respiration and Dry Matter Loss 
The close fit between estimated and measured CO2 concentrations throughout storage 
suggests that the diffusion coefficient determined by measuring oxygen flux into the storage 
containers used in this study can be applied to other gases diffusing out of those same containers.  
The uniformity between measured and estimated CO2 across many storage containers also 
indicates a consistent rate of diffusion among the containers. 
Estimates of gas production and consumption are highly sensitive to the diffusion rate 
constant used to estimate gas flux between measurement time points. An increase in KD by 10% 
corresponds to increases of 3.2 – 5.5%, 0.5 – 10.2%, 2.4 – 198% in estimated CO2, CH4, and N2O 
production during storage.  Relative increases in emissions are larger for containers with 
concentrations consistently near ambient, for which the gas lost to diffusion is a larger fraction of 
total emissions, but estimates from containers with very high methane and nitrous oxide 
emissions are also strongly affected by the estimate of diffusion rate. The highest-producing 
containers of each gas show approximately a 6% increase in estimated gas production when KD 
increases by 10%. 
Close agreement between O2 consumption and CO2 production data from each storage 
container indicates that these measurements are accurate indicators of aerobic metabolic activity.  
This may provide a substantially more accurate method of determining cellulosic biomass losses 
during storage at the laboratory scale. Accurately estimating dry matter loss by weight is difficult, 
as the high within-group variability and apparent mass gain in many bales suggests.  Other studies 
have also reported apparent mass gain in biomass storage experiments (Sanderson et al., 1997; 
Smith et al., 2013).  Variation in moisture content of biomass is thought to be the leading cause of 
these measurement errors.  It is noteworthy that despite many observable signs of severe 
degradation on many bales, particularly those from corn stover, such as heavy mold growth and 
strong odors when containers were opened at the end of the storage period, biomass losses 
estimated from O2 and CO2 were low (group means below 1%).  Losses estimated by weight and 
moisture content were higher among warm, wet bales (group means of 1% to 8.4%), but less 




the equilibration period, before gas sampling began.  That O2 and CO2 concentrations did not 
change significantly over time may support this hypothesis. Substantial changes in biomass 
composition, such as loss of readily available carbohydrates or conversion of crop biomass to 
microbial or fungal biomass, could have affected the rate of microbial and fungal activity in the 
bales and further complicated moisture content estimation. 
 
6.5.2 Methane and Nitrous Oxide Production 
The high peak methane concentrations observed in some storage containers are similar to 
those in an analogous study of gas emissions during woody biomass storage, in which methane 
concentrations reached 400 to 1600 ppm (He et al., 2012).  The wood chips were stored at high 
moisture (38%) and in larger quantity (2.0 – 2.5 kg) than the switchgrass and corn stover bales in 
this study, and showed higher methane emissions at higher temperature (35°C vs 15°C). Methane 
generation in each case appears to peak between one and three weeks in storage (He et al., 2012).  
In conjunction with data from laboratory-scale experimental rice storage pits showing up to 8 
ppm methane (Yenjai et al., 2012a), it appears that aerobically stored biomass emits small 
quantities of methane under a wide range of conditions.  We hypothesize that this is due to the 
formation of small anaerobic pockets within the biomass that facilitate methanogenic microbial 
activity. 
The irregular pattern of nitrous oxide emissions in many biomass storage containers is 
similar to that reported by Petersen et al (Petersen et al., 1998) during swine manure composting, 
during which N2O concentration remained very low or undetectable except for two large spikes 
up to 100 – 300 ppm between 40 and 90 days in storage.  Rough rice, a more analogous feedstock, 
has been shown to generate N2O at similar concentrations to that seen in this study in both 
experimental (8 – 26 ppm, (Yenjai et al., 2012a)) and commercial (4.9 ppm, (Yenjai et al., 2012b)) 
storage conditions.  Overall, the N2O emissions rates observed from baled feedstocks in this study 
are far below those from nitrate consumption in silage (Spoelstra, 1985), or during hay 
composting (Hellebrand, 1998). 
An unanticipated result was the consistently higher CH4 and N2O emissions under cooler, 
drier conditions.  Response surface analyses of methane production data showed a significant 
decrease in emissions with higher moisture (corn stover containers) or temperature (switchgrass 
containers). Nitrous oxide emissions were either uncorrelated with storage conditions (corn stover) 
or significantly decreased in response to increasing moisture and temperature (switchgrass, 




loss, and is the only parameter found significant across all gas concentration analyses.  
Temperature, despite its role in accelerating respiration and microbial metabolism, was found to 
be a significant factor in only two of the four analyses of gas concentrations – and in each of 
those cases (CO2 and N2O) the temperature x moisture interaction was also significant.  In both 
commercial and experimental rough rice storage, moisture was associated with increases in a 
wide range of gas emissions, and storage of wet forages in enclosed space is known to 
accumulate hazardous quantities of NO and other gases.  The reason for higher emissions seen in 
this study at low temperature and moisture is unclear, but we hypothesize that these conditions 
allowed methanogenic and nitrogen-reducing microbes to be more competitive against the rapid-
growing fungus which was ubiquitous on the surface of many bales (particularly corn stover). 
The presence of nitrous oxide at relatively high concentrations in these experiments 
suggests the presence of other oxides of nitrogen, NO and NO2.  Assessments of silo gas and the 
rice pit studies referenced above have shown that NO2 concentrations can be near to, or in some 
cases exceed, short-term exposure limits (1 to 5 ppm for a period of less than 15 minutes 
(OSHA)).  Though quantification of these gases was not a goal of this study, the strong ammonia-
like odor recorded on bale removal at the end of the study and the detection of ammonia by GC-
MS during switchgrass storage in a pilot experiment leading up to this study indicate that a 
variety of nitrogenous gases can be produced during the storage of biomass crops at a wide range 
of moisture contents.  The release of such gases during dismantling of large bale stacks at a 
biomass storage depot may be a concern. 
 
6.5.3 Global Warming Potential 
It is clear that the high-emissions treatments examined in this study would represent a 
minor contribution to net emissions from biofuel production – less than 1 gCO2e/MJ ethanol, 
relative to total net emissions of 10 – 29 gCO2e/MJ from switchgrass ethanol and 1 – 23 
gCO2e/MJ from corn stover ethanol, respectively (Dunn et al., 2013; Wang et al., 2012).  
However, several factors could complicate generalizing this conclusion.  First, the scale of the 
bales used (0.0015 m3) may not represent conditions in a large bale stack.  The interior of a stack 
of large bales may have regions of differential temperature and moisture (Smith et al., 2013), and 
reduced access to oxygen, resulting in a different pattern of microbial growth and higher methane 
emission rates than the exterior of the stack. Second, both of the biomass crops in this study were 
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CHAPTER 7. CONCLUSIONS 
7.1 Introduction 
The developing cellulosic bioenergy industry will require vast quantities of biomass, 
much of which will need to be stored between harvest and conversion or combustion.  Three 
major cellulosic ethanol projects in the United States set to begin operation in 2014 will require a 
combined 975,000 tons of corn stover and other biomass per year (250,000 tons, POET-DSM 
Project Liberty; 375,000 tons, DuPont Nevada Site Cellulosic Ethanol Facility; 350,000 tons, 
Abengoa Bioenergy Biomass of Kansas) (Abengoa Bioenergy, 2011; Davis, 2013; Rosen W.B., 
2013; Griekspoor, 2012; POET-DSM, 2013).  The demand for biofuels is driven in part by 
production and blending mandates in US (2010) and EU (2003).  These policies stipulate that 
fuels must meet certain environmental standards, often determined by greenhouse gas reductions 
relative to the fossil fuels they replace.  In the United States, the Renewable Fuel Standard 2 
identifies two categories of so-called second-generation biofuels: ‘advanced’ and ‘cellulosic’ 
biofuels, which are defined in part by eligible feedstocks and also by the maximum allowed net 
greenhouse gas emissions from the fuel – 50% or 60% reductions in global warming potential 
versus comparable fossil fuels, respectively. 
Despite growing research interest in developing efficient harvest and storage pathways 
for bioenergy crops, relatively little attention has been paid to the climate and environmental 
impacts of harvest and storage losses.  Models incorporating biomass storage often focus on 
economic and logistical analyses, with limited or no assessment of climate or environmental 
impacts (Ebadian et al., 2011; Sokhansanj et al., 2006). The studies reported in this dissertation 
use a combination of life cycle assessment modeling and innovative laboratory methods to 
examine the effects of biomass storage on the global warming potential of cellulosic biofuels.  
 
7.2 Sensitivity of Biofuel Carbon Intensity to Biomass Storage Losses 
Literature reports of biomass losses for forage and bioenergy vary widely, as shown in 
Chapter 2 (Figure 2.2).  Cellulosic bioenergy feedstocks are generally assumed to be harvested as 




Dry bales are conventionally stored under varying degrees of cover.  When left exposed, the 
range of dry matter losses is very broad, from less than 5% to over 35% (Table 2.1).  Indoor 
storage of bales greatly reduces this variability, with reported losses ranging from roughly 1 – 
11%.  Wet, anaerobic storage of biomass as silage can effectively store biomass at a wide range 
of moisture content, reducing or eliminating the need for weather- and machinery-dependent field 
drying procedures.  Reported silage losses ranged from 3 – 20% of dry matter for grass crops 
stored between 60% to 80% moisture content. 
The Greenhouse gases, Regulated Emissions, and Energy use in Transportation (GREET) 
model developed by Argonne National Laboratory was used to inventory greenhouse gas 
emissions from stored corn stover and switchgrass.  GREET was selected based in its extensive 
fuel & feedstock process database and its selection by the EPA as a key tool for assessing biofuel 
compliance with the Renewable Fuels Standard (2010).  When parameters associated with 
biomass production and harvest were increased to compensate for losses during storage, 
greenhouse gas emissions increased by 1.0 and 1.9 gCO2e/MJ ethanol for combined corn grain & 
stover stored covered and uncovered, respectively, by 2.2 gCO2e/MJ ethanol for corn silage, and 
by 1.2 and 2.4 gCO2e/MJ ethanol for indoor and outdoor-stored switchgrass. 
Chapter 3 presents a sensitivity analysis of several GREET parameters which are closely 
tied to biomass feedstock losses and storage, including biomass productivity, harvest efficiency, 
feedstock transportation distance, feedstock moisture content, and the direct emission rates of 
methane and nitrous oxide during feedstock storage.  Overall corn stover productivity, the set of 
fertilizer, planting, and harvest parameters associated with stover production, showed a very 
strong effect on GREET results, with a 1.5 – 1.7% change in net greenhouse gas emissions for 
each 1% change in productivity.  The model is less sensitive to individual parameters such as 
corn stover harvest efficiency, transportation and moisture content, each of which led to a 0.01 – 
0.1% change in net greenhouse gas emissions per 1% change in the parameter. 
Direct emission rates of methane and nitrous oxide show the greatest uncertainty of any 
parameter studied; no reports of such emissions from aerobic storage of bioenergy crops are 
available in the literature, and estimates based on emissions from silage and composting studies 
may not be applicable to bioenergy crops.  A range of emissions rates from 0.11% - 1.7% lost C 
as CH4 and 0.5% - 2.6% lost N as N2O was estimated from the literature to assess the influence of 
greenhouse gas production during storage.  While low emissions rates had little influence on 
overall greenhouse gas emissions (< 1 gCO2e/MJ ethanol), higher emissions rates could increase 




gCO2e/MJ ethanol when combined with the highest storage loss rates.  While the overall model 
sensitivity to direct emissions parameters is very low (0.004% - 0.01% change in net greenhouse 
gas emissions from ethanol per 1% change in combined CH4 and N2O emissions rate), the 
extreme uncertainty in the actual emissions rates drives model uncertainty. 
Estimates of storage losses are refined in Chapter 4, where five storage methods and 
associated harvest procedures are integrated into the GREET model framework.  Stochastic 
functions based on the frequency of literature reports on dry matter losses during storage are 
developed for each storage method and used to model the effects of storage loss uncertainty on 
net fossil energy use and greenhouse gas emissions from bioethanol from three feedstocks: corn 
stover, switchgrass, and miscanthus. 
Biomass loss impacts on both fossil fuel consumption and greenhouse gas emissions were 
driven by the need for increased fertilizer production (Figures 4.3 and 4.4).  Direct emissions of 
methane and nitrous oxide during anaerobic storage also led to substantially higher emissions 
from bulk silage pathways, while a both direct emissions and a high rate of plastic consumption 
in wrapped low-moisture bale silage led to the highest energy use in that pathway than any other, 
despite very low dry matter losses (Figure 4.3).  Including harvest & storage pathways in the 
GREET model led to increases in estimated energy use by 0.03 – 0.14 MJ fossil fuel / MJ ethanol 
and increases in net greenhouse gas emissions of 2.3 – 8.4, 4.3 – 10, and 4.4 – 10 gCO2e/MJ 
ethanol for corn stover, switchgrass, and miscanthus-based ethanol, respectively (Table 4.2). For 
fuels with estimated net emissions of -5 to 18 gCO2e/MJ, the impact of these changes is 
substantial. 
Uncertainty is an important consideration in many of the parameters associated with 
cellulosic biofuels production.  As with any developing industry, estimates of energy use, 
materials, and practices in second-generation biofuel production vary widely.  When probability 
distributions of biomass storage losses were integrated into the GREET model’s stochastic tool, 
significant differences in energy use and emissions were seen between many of the storage 
methods – even when all stochastic parameters in the GREET model were allowed to vary 
simultaneously (Figure 4.8). 
These results from chapters 2-4 address the first and second hypotheses of this 
dissertation: 
(1) Feedstock losses during storage significantly increase the greenhouse gas balance of 




Initial modeling of storage losses in GREET in Chapter 2 and Chapter 3 support the 
conclusion that the additional production necessary to compensate for dry matter losses during 
storage produce additional GHGs equal to a substantial fraction of net emissions from corn stover, 
corn silage, and switchgrass ethanol.  Results suggest that at the highest rates of dry matter loss, 
ethanol from whole corn silage and switchgrass stored outdoors (uncovered) approaches the 60% 
reduction in emissions versus gasoline cutoff value for ‘cellulosic’ biofuels.  Integration of 
biomass harvest and storage parameters into the GREET model (Chapter 4) supports the 
conclusion that losses during biomass storage can have large effects on net emissions of corn 
stover, switchgrass, and miscanthus relative to net emissions from ethanol from those crops.  For 
each feedstock, accounting for losses, energy, and materials during harvest & storage increased 
net greenhouse gas emissions by 2 – 10 gCO2e/MJ ethanol.  
In static analyses, or considering biomass losses during storage as the only stochastic 
parameter, emissions do not approach the Renewable Fuels Standard limit of a 60% reduction in 
emissions over gasoline for ‘cellulosic’ fuels, remaining below 85% (corn stover), 75% 
(switchgrass), and 95% (miscanthus).  When a broader range of parameters are varied in the 
GREET model of ethanol production from switchgrass, the 60% emissions reduction threshold 
(37 gCO2e/MJ) does fall within the 95th percentile of emissions (Figure 4.8).  However, 
differences in storage method do not appear to have a large effect on the likelihood of exceeding 
the threshold, which does not fall within the 75th percentile of switchgrass emissions for any 
harvest and storage pathway.  Based on these results, we conclude that biomass harvest and 
storage processes are unlikely to affect the regulatory categorization of cellulosic ethanol.  As 
noted in Chapter 1, other stochastic models of ethanol production with a different set of stochastic 
variables (such as biomass yield and land use change) and probability distributions may arrive at 
a different conclusion (Mullins et al., 2011). 
(2) Quantity and variability of emissions can be reduced by covering bales or ensiling 
biomass. 
A review of storage losses from forage and bioenergy literature showed a smaller range 
and lower extreme values for ensiled crops than for bales stored without cover.  Modeling results 
from Chapter 2 showed much lower net emissions of ethanol from whole corn silage than from 
both corn grain and stover combined on a per-hectare basis.  This would seem to support the 
hypothesis that ensiling biomass reduces losses and associated emissions.  However, when 
modeled greenhouse gas emissions from cellulosic bioenergy crops were examined in Chapter 4, 




crops stored aerobically regardless of the degree of cover.  Direct emissions of greenhouse gases 
during anaerobic storage and materials use in wrapping low-moisture silage bales appear to 
contribute more fossil energy use and greenhouse gas emissions than the storage losses in 
uncovered dry bales. 
Covering dry bales of cellulosic feedstock with a tarp (material included in analyses in 
Chapter 4) or roof (materials not included) significantly reduces net emissions by reducing dry 
matter loss.  Results in Chapter 4 show that emissions from bales stored indoors and outdoors 
under a tarp have very similar net greenhouse gases, and are statistically indistinguishable when 
all variable parameters associated with cellulosic ethanol production are modeled stochastically in 
GREET. 
 
7.3 Methane and Nitrous Oxide Emissions during Aerobic Storage of Cellulosic Biomass  
Given the lack of applicable data on methane and nitrous oxide production during aerobic 
biomass storage and the substantial impact of higher emissions rates on the global warming 
potential of cellulosic ethanol, studies were conducted to detect and quantify these emissions. 
Emissions of both gases were detected in an initial study in of switchgrass storage under 
controlled conditions, described in Chapter 5.  While the rate of gas production was low and 
highly variable, methane and nitrous oxide production was detected in all 22 samples.  Methane 
emissions ranged from 0.6 – 5.6 µg*kg DM-1*day-1, and increased with storage temperature (p = 
0.037).  Nitrous oxide emissions ranged from 0.08 – 2.08 µg*kg DM-1*day-1, increasing with 
temperature (p < 0.01) and borderline significant effects of biomass moisture and the temperature 
x moisture interaction (0.05 < p < 0.1). 
The more standardized study in Chapter 6 was designed to improve upon the 
methodology used in Chapter 5, in particular to reduce concerns with the variety and quality of 
storage containers. Switchgrass and corn stover stored in customized containers under controlled 
temperature and moisture generated significant greenhouse gas emissions and metabolic activity 
as measured through changes in O2, CO2, CH4, and N2O concentrations.  Maximum greenhouse 
gas concentrations and average emissions rates were much higher in Chapter 6, with methane 
reaching over 1000 ppm in some storage containers and nitrous oxide peaks up to 10-30 ppm.  
Methane emission rates varied from 1.5 – 228 µg*kg DM-1*day-1 from stored corn stover and 2.4 
– 915 µg*kg DM-1*day-1 from switchgrass, with significant effects of moisture (corn stover) and 
temperature (switchgrass) conditions. Unlike the study in Chapter 5, all significant effects of 




production from biomass stored under cooler and drier conditions normally thought to minimize 
microbial activity. However, these rates of methane and nitrous oxide production appear to be 
low enough to have at most a minor impact on the global warming potential of ethanol, up to 0.1 
– 0.5 gCO2e/MJ.   
The response of methane and nitrous oxide production to the storage conditions in the 
experiments reported in Chapter 6 may complicate the modeling of greenhouse gases from stored 
biomass.  Methane production from corn stover negatively correlated with dry matter loss and 
metabolic rate (indicated by CO2 emissions) (p = 0.054).  Greenhouse gas emissions from 
switchgrass responded differently, with methane emissions positively correlated with dry matter 
loss (p = 0.055) and nitrous oxide emissions negatively correlated with dry matter loss (p = 0.031, 
outlier excluded; N2O emissions from both crops were uncorrelated with dry matter loss when 
outliers were included). It has previously been assumed that non-CO2 greenhouse gas emissions 
from biomass would correlated with overall microbial activity.  Emissions parameters in GREET 
are structured to calculate CH4 and N2O emissions as a function of dry matter loss.  Highly 
variable emissions rates independent of dry matter loss present an additional challenge to 
accurately modeling greenhouse gases during biomass harvest and storage. 
These results from Chapters 5 and 6 address the third hypothesis of this dissertation: 
(3) CH4 and N2O emitted during feedstock storage are a significant contribution to net 
greenhouse gas emissions with implications for the regulatory categorization of 
biofuels.  
Direct emissions of methane and nitrous oxide from stored biomass feedstocks were 
measured during experiments in Chapter 5 and Chapter 6.  Both gases were detected at elevated 
concentrations in both storage trials, confirming that portion of the hypothesis.  Sensitivity 
analyses in Chapter 3 and Chapter 4 suggest that relatively small emissions rates can substantially 
increase overall net greenhouse gases from cellulosic ethanol.  The effect of the emissions 
detected in Chapter 5 and Chapter 6 on net global warming potential of cellulosic ethanol appears 
to be minor, under 1 gCO2e/MJ.  Although these rates could represent a substantial fraction of net 
emissions from corn stover or miscanthus ethanol (net GWP -5 – 10 gCO2e/MJ), there is unlikely 
to be a major effect on the overall costs or benefits of these fuels, or their regulatory 
categorization, based on these findings.  It should be noted that although care was taken to 
conduct the experiments in Chapters 5 and 6 under similar conditions to those recorded in bale 
stacks in the field, the small scale of the experiments may cause these results to misrepresent 




investigation is warranted to determine whether the rates measured in the laboratory correspond 
with emission rates from large-scale storage of biomass in the field. 
 
7.4 Future directions 
Storage of bioenergy crops has recently become a highly active field of research, with 
major projects by the US Department of Energy at Idaho National Laboratory (Hess et al., 2009), 
Oak Ridge National Laboratory (Wright, 2007), and through the expansion of the GREET model 
at Argonne National Laboratory reported in Chapter 4, as well as large-scale storage studies by 
the ethanol producing company POET (POET-DSM, 2013), Oklahoma State University (Buser et 
al., 2013), and Iowa State University (Schon et al., 2013).  While results from these projects have 
and will continue to advance our understanding of methods for minimizing cost, dry matter, and 
quality losses during biofuel feedstock storage, several key unanswered questions could be 
addressed by the following studies. 
 
7.4.1 Greenhouse Gas Emissions During Field-Scale Storage of Bioenergy Crops 
Direct emissions of greenhouse gases during decomposition of biomass in storage 
remains a major uncertainty in determining the net global warming potential of cellulosic biofuels.  
Laboratory studies of methane and nitrous oxide production in Chapters 5 and 6 produced highly 
variable emissions rates.  Conditions in the interior of large bale stacks may differ substantially 
from conditions on the exterior of the bale stack, and from those in laboratory-scale hay bales 
(Smith et al., 2011; Smith et al., 2013), further affecting emissions rates.  Gas sampling methods 
from soils science may be easily adaptable to study of gas emissions from large bale stacks.  Gas 
chamber sampling methods have been developed and tested to assay carbon dioxide, methane and 
nitrous oxide production by soils (Bekku et al., 1995; Hernandez-Ramirez et al., 2009; Krause et 
al., 2013).  Designed to accommodate spatially and temporally variable emissions rates, these 
methods have been modified to monitor emissions from manure (Hao et al., 2004; Hao et al., 
2001) and could be fit to assess off-gassing from a wide range of stored bioenergy crops, 
including dry bales under a variety of moisture or weather conditions, bulk silage, and low-
moisture bale silage.  Similar techniques could also be used to detect and quantify emissions of 





7.4.2 Regional Modeling of Harvest and Storage Practices and Dry Matter Losses 
Most studies of biomass storage, including those reported in this dissertation, highlight 
the importance of moisture as a determining factor in the stability of bioenergy crops during 
storage. Differences in precipitation amount and seasonality could drive the selection of different 
storage methods and dry matter loss rates across geographic regions.  These differences could 
amplify or reduce differences in anticipated bioenergy crop yield between regions, or influence 
the selection of bioenergy crops based on their resilience to losses during storage.  Cold, dry 
winters may minimize losses during dry bale storage, while warmer, wetter conditions between 
September and April could necessitate anaerobic storage to preserve biomass.  An assessment of 
preferred forage crop species and harvest & storage methods, combined with data from bioenergy 
crop trials, from sites across the United States could provide valuable insight to regional 
differences in the effects of storage on the economic costs and environmental impacts of biomass 
production. 
 
7.4.3 Land-Use Change Impacts of Dry Matter Losses During Storage of Bioenergy Crops 
Many of the impacts of bioenergy crop losses during storage can be tied to issues of 
biomass yield – loss of material during storage effectively reduces the quantity of biomass 
delivered to the biorefinery per unit of farmed land.  Assuming that a bioenergy facility requires a 
set quantity of biomass, the effect is to increase the amount of land under bioenergy crop 
production.  Increasing the amount of land farmed for biofuels has the potential to increase the 
effects of indirect land-use change, a crucial effect of land conversion for bioenergy which has 
recently gained a great deal of attention in economic and environmental research (Hertel et al., 
2010; Kim et al., 2012; Searchinger et al., 2008).  Integrating regional parameters for bioenergy 
crop losses during storage into a global economic land-use model such as GTAP (Hertel et al., 
2010) would provide a more complete assessment of the indirect land-use change impacts of 
bioenergy development.  Climate change impacts of expanded cropland due to bioenergy crop 
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Appendix A Modeling Tools for Biofuel Feedstock Production and Life 
Cycle Analysis 
 
Several options are available for modeling the production and environmental impacts of 
energy crops.  This section summarizes the design and potential advantages and disadvantages for 
many of these models.  This information applies to the versions of each model which were 
publicly available in June 2010. 
 
Feedstock production models: 
Integrated Farm System Model (IFSM) 
Daily Century Model (DAYCENT) 
Logistics and life cycle analysis models: 
Integrated Biomass Supply Analysis & Logistics Model (IBSAL) 
SimaPro 
GHGenious 
Greenhouse gases, Regulated Emissions, and Energy use in Transportation (GREET) 
 
Integrated Farm System Model (IFSM): 
Developed to assist farmers with logistical and economic decisions, IFSM models farm-
scale economic and environmental variables with an emphasis on nutrient flows, crop yields, and 
machinery and equipment usage.  Based on a dairy forage production model, IFSM can now 
accommodate major crops such as alfalfa, corn, soybean, perennial grasses, and small grains.  
Though the focus of the model remains meat and dairy production, crop and biomass yields can 
be modeled independently, although there is little supporting documentation.  The reference 
manual contains a thorough review of many aspects of forage production, including on-farm 
nutrient flows, storage logistics and costs, and greenhouse gas emissions.  I have included a 
summary of IFSM’s handling of these processes at the end of this document. 
Corn stover and grass harvests can be modeled, but the model output is limited to the 
average (+/- s.d.) mass of stover harvested in each year modeled.  Nutrient flow, cost, and 
greenhouse gas emissions are given as well, but are not separable from emissions associated with 
grain harvest.  The model detects ‘errors’ in the set up of a farm model file (such as missing or 
insufficient equipment needed to perform operations for the crop type selected).  While good 




difficult to quickly run multiple research cases, particularly when the source of the error is not 
obvious.   
Unlike GREET, IBSAL, and other models utilizing Excel for inputs or modeling, the 
relationships in IFSM are not easily accessible by the user and cannot be modified using the 
interface provided.  Any modifications required to make the model suitable for biofuel feedstock 
modeling would require additional tools and programming experience.  Overall, while the IFSM 
may be excellent for highly specific cases in which the researcher or farmer knows precisely what 
equipment is needed and available, the input required is too detailed and the output too limited to 
be of use as a general biofuel feedstock production model. 
 
Pros: Cost and environmental output; comprehensive logistics; publicly available 
 
Cons: Not scalable; little documentation of crop-only option; model relationships and raw output 
are inaccessible  
 
Daily Century Model (DAYCENT) 
DAYCENT models water, carbon, and nutrient flows through multi-farm or watershed 
scale soil and biomass systems.  The CENTURY biogeochemical model on which DAYCENT is 
based was developed at Colorado State University (Parton et al., 1994), where it has been 
maintained and updated (see http://www.nrel.colostate.edu/projects/daycent/ for documentation 
and to download the DAYCENT model).  The model has been rigorously tested against 
experimental data from native and managed ecosystems (Del Grosso et al., 2005; Del Grosso et 
al., 2002; Del Grosso et al., 2001) and is one of the most-used models for nutrient cycling on the 
local scale.  The relationships developed within the model have been used directly or with 
modification in more recent models, including IFSM. 
A series of sub models representing plant growth and net primary production (NPP), soil 
water, temperature, and organic matter by layer, decomposition, nutrient mineralization and 
gaseous emissions, and other components of soil and plant systems operate based on user-
specified inputs.  Key inputs include soil and vegetation types, nutrient additions, and weather 
data (moisture and temperature).  Primary outputs include soil C and N, NPP, H2O balance and 
NO3 leaching, and gas fluxes (N2O, NOX, N2, CO2, possibly CH4). 
From a bioenergy perspective, DAYCENT would be most useful as an environmental 




The comprehensive nutrient flows in DAYCENT provide more information than biofuel-specific 
models such as GREET or GHGenius, and could inform user inputs to those models (particularly 
soil emissions of N2O and other greenhouse gasses).  A broader range of outputs would be useful 
in assessing non-GHG impacts from biofuel feedstock production.  However, raw DAYCENT 
output may not be suitable as input for major GHG emission models due to differences in scale - 
GREET operates on a national-average basis, while CENTURY is specific to regional weather 
and soil types. 
 
Pros: Well characterized model (heavily published); detailed relationships, comprehensive 
database;  
 
Cons: limited scope; issues with scalability 
 
Integrated Biomass Supply Analysis & Logistics Model (IBSAL) 
Developed at Oak Ridge National Laboratory, the purpose of IBSAL is to model the 
costs and environmental impacts (GHGs) associated with biofuel feedstock supply systems.  
IBSAL functions at the scale of multiple farms within a small geographic region.  While the 
harvest and logistics data used are not customizable on a per-farm basis, the model does assume 
that all farms share the same distribution of weather patterns and use the same harvest equipment.  
The model was originally developed for corn stover harvest and transportation, but has been 
expanded to include wheat, grass, and woody biomass production as well.  IBSAL is the only 
model developed for bioenergy production that includes a loss factor for biomass storage.  
However, the storage component is simplistic, and the default values may not represent likely 
storage losses.  IBSAL assumes that biomass will be baled and stored dry (although several 
options for baling equipment, storage moisture, etc are available), and may not be capable of 
modeling wet storage pathways (a ‘silo pit’ pathway is now available, but accuracy and 
background data is unknown).  
Storage logistics and losses are modeled using a few inputs which define the storage 
system and biomass conditions, including the size and number of storage sites, minimum and 
maximum distance travelled, as well as the mean and standard deviation of biomass moisture 
content.  As in IFSM, biomass moisture content is the most critical property for determining 
biomass storage losses.  Daily storage losses are calculated based on an estimated maximum 




et al., 2003; Shinners and Binversie, 2004; Shinners et al., 2006)).   The effect on storage losses 
of various storage technologies is estimated by the authors.  In addition to these storage losses, 
machining losses are also determined based on data from (Buckmaster, 1990).  The primary 
determining variable for these losses is biomass moisture content. 
 
Pros: Cost and GHG output; storage component; flexible logistics components; specific to local 
conditions 
 
Cons: Limited environmental output; sparse and outdated documentation; requires ExtendSim 
license for full use ($495); may not be suitable for national/regional averaging 
 
SimaPro 
SimaPro is a specialized modeling program for life cycle assessment of products and 
services.  It can be used to model production, use, and disposal of a product (cradle-to-grave), and 
contains databases with materials, energy use, emissions, and toxicity information for a wide 
variety of products and systems.  The software is designed to follow the ISO 14040 standards for 
life cycle analysis, and is marketed globally.  SimaPro has default pathways for both European 
and American supply chains, although additional geographic specificity must be added by the 
user by adjusting the database values.  Extensive economic and environmental data is included 
with the software, although many components are somewhat dated (such as the US Economic 
Input Output database, a matrix of exchanges between 481 economic sectors, which was created 
in 1998).  Stochastic modeling for some default processes is available by a Monte Carlo 
simulation module. 
SimaPro does not at this time have a database for biofuel production, although such a 
process could be constructed by an end user.  Doing so would require building feedstock 
production, processing, and biofuel production processes from scratch, most likely using data and 
relationships from established biofuel production models, as well as additional national economic 
data and agronomic cost data (as done for soybean biodiesel (Miller and Theis, 2006)).  While 
creating a complete, independent biofuel production model in SimaPro would most likely not be 
time efficient, the model can be used in concert with more specialized and robust models like 
GREET to account for storage facilities and other infrastructure components that may not be 




greenhouse gas emissions, can be unit-matched with GREET outputs to generate a more 
comprehensive estimate of climate change impacts. 
 
Pros: Completely customizable; ISO standard; some databases provided; impact assessment 
capability; excellent documentation and support 
 




GHGenius is a life cycle inventory tool for comparing the net greenhouse gas emissions 
(and other regulated gasses) from production and use of conventional and renewable fuels.  It 
includes a wide range of potential fuels, including gasoline, diesel, electric (from many power 
sources), and a collection of first- and second-generation biofuels.  The model, developed by the 
Canadian consulting firm (S&T)2, focuses on biofuels from feedstocks likely to be available in 
Canada such as corn grain, barley, peas, sugar beets, wheat stalks, farmed trees, and sugar cane.  
Several of these feedstocks may be unique to GHGenius.  Modeling other feedstocks would 
require significant alteration to the model, although that may be possible for end-users (unlike 
GREET).  Like GREET, the model accounts for emissions associated with farming and land-use 
change (including GHG emissions from soil and changes in regional soil carbon balance), though 
the resulting emissions are significantly different that those calculated by GREET.  GHGenius 
has no biomass storage component. 
 
Pros: Publicly available; consistent (SI) units for input/output data; clear accounting of emissions 
from fuel production stages and co-products; thorough inventory of conventional fuels and first-
generation biofuels; transparent assessment of land-use change calculations 
 
Cons: No complete user manual; “hidden” calculations for cellulosic biofuels; Canada-centric 
data; no storage component; not widely published (no literature papers) 
 
Greenhouse Gasses, Regulated Emissions, and Energy Use in Transportation Model (GREET) 
The GREET model is probably the most widely used tool for assessing net greenhouse 




GREET as one of the primary models for determining compliance with RFS standards for GHG 
emissions reductions for biofuels.  The GREET model calculates estimated energy use and 
greenhouse gas emissions during the fuel life cycle.  The model and user inputs are broken into 
several components: feedstock production, transportation, fuel processing, and vehicle use.  The 
functional unit is one mmBtu of fuel energy, and outputs are expressed as energy use or GHG 
emissions (in mmBtu or grams) per mmBtu produced (well-to-pump) or per mile driven (well-to-
wheels). 
Default GREET pathways include bioethanol (from corn grain, corn stover, herbaceous 
biomass, wood, or sugar cane), biodiesel, conventional gasoline, conventional diesel, electric 
battery, fuel cells, and others.  The comprehensive list of fuel pathways and thorough modeling of 
vehicle operation make comparisons between technologies a strength of the GREET program.  
The default model values for biofuel feedstock farming and ethanol production are based on US 
national average data for established crops (or Brazil for sugar cane) or forecast based upon 
predicted changes in technology and farming practices for second-generation fuels.  Annual 
improvements in all technologies are forecast from 2010 to 2025. 
Logistic and economic analyses are absent from GREET, which has no biomass storage 
component.  Preliminary work has been done to identify the impact of biomass storage using the 
GREET model, but the model code (sophisticated Microsoft Excel macros) cannot be altered by 
end users.  The scale and structure of the model does not allow for testing the realism of logistic 
assumptions – such as the number of trucks needed to deliver biomass to a refinery or the 
distance traveled.  These and other inputs must be validated elsewhere before input to GREET.   
Soils and crop emissions information, like industrial info, based on large-scale averages 
(such as IPCC global agricultural soil N2O emissions rate) and may not be sufficiently accurate 
for specific biofuel crops.  Because it has been developed to supply information on regulated 
emissions and was selected as a primary tool for biofuels assessment by the EPA, future GREET 
updates may include additional factors in biofuel production to comply with EPA RFS 
requirements.  These regulations have been defined only recently, and it is not known when an 
updated version of the model, if any, will be released. 
 
Pros: Detail, fuels specificity and comparison design, use by EPA for RFS2, editable in excel 
 
Cons: broad scale, not farm or biorefinery-level, interactions between components unclear in 





Summary of IFSM reference material regarding biomass storage and nutrient flows 
Storage logistics, costs, and losses of dry matter and quality are included in IFSM.  Dry 
grain losses are set at 1%, while grain quality parameters are set by the user and are not modeled 
based on cropping data.  Forage crops can be stored using ‘dry hay storage’ or ‘silage’ pathways.  
Dry matter (DM), crude protein (CP), acid detergent insoluble protein (ADIP), and neutral 
detergent fiber (NDF) are modeled through storage.  Dry matter losses for indoor hay storage are 
calculated according to (Buckmaster et al., 1989a) as a function of the moisture content at baling 
and the assumed final moisture content (assumed to be 12%: see eq 7.3 in IFSMReference.pdf).  
This models the first month of storage, after which losses are assumed to continue at 0.3% per 
month. 
Outdoor storage of baled forage is modeled according to empirical data collected by 
(Harrigan et al., 1994) as a function of bale density, diameter, monthly rainfall, and degree days 
above freezing.  Two sets of assumptions are used depending on whether the bales are stored in 
contact with soil or on a prepared platform (eq 7.6 in IFSM Reference).  Contact with soil is 
modeled by increasing losses by 1% per month, with a maximum 3.5% increase.  Wrapping 
round bales in plastic is assumed to reduce the weathering loss constant from 0.0018 to 0.00065, 
cutting losses to 36% of an unwrapped bale.  Round bales that are stacked and covered with a tarp 
use a weathering loss constant of 0.00033 (18.3% of unwrapped bale losses). 
Silo storage of alfalfa and grasses can be modeled as bunker, tower, bag, or bale silage.  
Losses and other factors are based on several variables, including the capacity and permeability 
of the silo.  Because these are modeled as feed silos, unloading is assumed to occur over a 12-
month period. Five interlinked ‘phases’ of ensiling are used to model each stage of the process: 
preseal, effluent production, fermentation, infiltration, and feed-out.  These are primarily based 
on (Buckmaster et al., 1989b), with additional input on presealing activity and fermentation from 
(Leibensperger and Pitt, 1987; Pitt, 1986; Pitt et al., 1985) and effluent production by (Rotz et al., 
1993). DM loss, as in dry storage, is primarily based on moisture content. 
IFSM models basic nutrient flows as part of an environmental impact analysis. N losses 
through volatilization, leaching, and denitrification, phosphorus leaching and runoff, and 
greenhouse gas emissions (CO2, CH4, N2O) are included.  The reference file states that “a 
comprehensive evaluation of production systems is obtained by considering the potential effects 
of all nutrient losses and emissions” including manure storage and use, enteric fermentation, and 




storage of manure as a major source of nutrients and greenhouse gasses.  Phosphorus cycling is 
modeled using modified (Vadas et al., 2004; Vadas et al., 2005; Vadas et al., 2007) relationships 
from the Erosion-Productivity Impact Calculator (EPIC) (Jones et al., 1984; WIlliams, 1995) and 
the Soil and Water Assessment Tool (SWAT) (Arnold et al., 1998; Neitsch et al., 2002).  Runoff, 
the primary determinant of surface nutrient removal, is calculated based on precipitation, and soil 
moisture according to the US Soil Conservation Service (SCS) runoff curve number method. 
Relationships for determining soil and plant CO2 dynamics are taken directly from 
DAYCENT Version 4.5, with some variations to accommodate above- and belowground 
respiration and soil erosion (using the modified universal soil loss equation MUSLE).  IFSM may 
be unique in accounting for CO2 emissions from animal respiration, which the authors believe to 
be significant relative to total farm CO2 emissions.  This is based on equation 10.43 in the 
documentation, developed by (Kirchgessner et al., 1991).  N2O emission models are taken from 
DAYCENT, though some relationships are modified or simplified.  Emissions from stored 
manure are taken from (Olesen et al., 2006) assumed to be 0.8 g N2O/m2 /day (per exposed 
surface area). 
In conducting total GHG assessment and the “carbon footprint” of milk and animal 
products exported from a farm, IFSM also includes fuel use by farming machinery, using 
GREET-calculated values for the carbon intensity of fuel production and distribution (as well as 
vehicle production and maintenance).  Electricity use for milk-related activities and barn lighting 
and ventilation are included as well.  For the infrastructure required for biomass storage, IFSM 
accounts for generalized emissions associated with plastic use (IPCC, 2006; Rotz et al., 2009) and 
the mass of plastic per unit biomass used in the various ensiling methods (Savoie and Jofriet, 
2003).  Notably, the authors conclude that “this emissions source is normally very small and 
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Appendix B Review of Dry Matter Loss Data 
 This section presents the data set collected from a series of literature searches between 
June 2009 and April 2012 which was used in the analyses of biomass loss rates during storage in 
Chapter 2 and Chapter 4.  Table B1 presents the data from each study identified as meeting the 
criteria from Chapter 2 (the study must contain dry matter loss and biomass moisture content data 
for corn silage and corn stover, ryegrass, switchgrass, sorghum, and unspecified grasses, with a 
storage period of no less than four months).  The following tables and figures present a revised 
probability density function fit to data from each of the five storage methods, beyond what is 
reported in Chapter 4. 
 Although my analysis and use of this data set, particularly in Chapter 4, could be 
considered a meta-analysis of the biomass storage literature, the sparse nature of the data set 
prevented the use of commonly accepted statistical tools for meta-analysis.  Philibert et al (2012) 
present eight criteria to guide meta-analysis in the field of agronomy: 
 1 Describe bibliographic search procedures 
 2. List references of studies used 
 3. Analyze the variability within and between studies 
 4. Analyze sensitivity of conclusions to data and statistical methods 
 5. Assess publication bias in the literature surveyed 
 6. Weigh data appropriately 
 7. Make the data set available to others 
 8. Use statistical software that is commonly available to others. 
This dissertation meets criteria 2 (references of studies used are included in Chapters 2 and 4, and 
in this Appendix), 7 (the data set is published below), and 8 (Microsoft Excel and SAS are 
commonly available).  Developing accurate bibliographic search procedures was made 
challenging by the highly varied and sparse nature of studies on cellulosic biomass storage across 
disciplines (dairy science, forage harvesting, bioenergy crop development) and time periods 
(potential studies were identified from as early as 1920), each of which used different 
terminology to describe the biomass and storage processes.  Many studies containing biomass dry 
matter loss data report it secondarily to other measures of biomass quality, making identifying 
qualifying studies and efficient search terms particularly difficult.   
 Conducting the recommended statistical assessments (criteria 3, 4, 5, and 6) was 




included such basic information as the mean and standard deviation of each storage treatment, 
and in many cases the treatment groups contained only one experimental unit.  The variability in 
the scale of each experiment, ranging from small laboratory silos to large storage piles, prompted 
the collection of unit size (kg) data from each study where it was available (Table B 1). Due to 
the lack of available information with which to conduct more rigorous meta-analytical techniques, 
a vote-counting method was chosen to assess the mean loss of dry matter during storage from 
each study (as used in Chapters 2 and 4). 
 A more rigorous analytical technique than vote-counting would be highly preferable, but 
would require a substantial change in data reporting among biomass storage studies.  Studies 
must report, at a minimum, the mean and standard deviation for dry matter loss values from each 
treatment group (requiring at least three replicates in each group).  Information on the volume, 
density, exposed surface area, degree of cover, harvest methods and weather conditions during 
the storage period would also contribute substantially to developing accurate weighting and 
comparison metrics for biomass storage studies.  While a small number of publications (notably 
Shinners et al., 2010 and Shinners et al., 2011) contain detailed methods and some statistical data, 
there is a distinct gap in useful meta-analytical data even among current publications. 
 
Table B 1 Dry matter loss data from storage studies of maize and grass crops: a) data included in 
both Chapter 2 and Chapter 4, b) data included only in Chapter 4, c) data not included in analyses.  
Source Description DML 
(%) 
% DM n Unit size 
(kg) 
(Atchison & 
Hettenhaus, 2004) a 
sugar cane bagasse 3.0 20.0 1 7x107 
sugar cane bagasse 3.0 20.0 1 18000 
(Bernardes et al., 
2012) c 
Maize silage 8.2 32.2 2  
Maize silage 13.8 31.8 2  
Maize silage 14.5 31.9 2  
Maize silage 10.1 32.9 2  
(Cameron, 1966) b Hay baled, outdoors 17.0    
(Coble & Egg, 1987) 
a 
Sorghum, outdoors 18.0 85.6 1 500 
Sorghum, indoors 10.1 85.6 1 500 
(Collins & Allinson, 
1995) a 
fescue hay, twine-tied, 
outdoors 
18.2 88.0   
fescue hay, mesh wrapped, 
outdoors 
10.6 88.0   
fescue hay, plastic wrapped, 
outdoors 
3.6 88.0   
fescue hay, indoors 5.7 88.0   
      
Table B 1 Continued      




1972) a ryegrass silage 15.4 31.0 1 280 
ryegrass silage 23.5 33.0 1 280 
ryegrass silage 18.6 34.0 1 280 
(Henderson & 
McDonald, 1974) a 
ryegrass silage, sealed silo 18.5 21.0 1 525 
ryegrass silage, sealed silo 18.7 20.0 1 500 
ryegrass silage, unsealed silo 20.4 22.0 1 550 
ryegrass silage, unsealed silo 23.0 20.0 1 500 
(Henk & Linden, 
1994) a 
Sorghum Silage 8.0 23.0 6  
Sorghum Silage 3.0 23.0 6  
(Herrmann et al., 
2011) b 
Maize silage 1.0 32.9 3 4 
Maize silage 4.1 32.9 3 4 
Maize silage 5.7 32.9 3 4 
Maize silage 7.8 32.9 3 4 
Sorghum silage 4.8 30.8 3 4 
Sorghum silage 8.6 30.8 3 4 
Sorghum silage 7.6 30.8 3 4 
Sorghum silage 9.9 30.8 3 4 
Forage rye silage 4.4 25.1 3 4 
Forage rye silage 8.2 25.1 3 4 
Forage rye silage 9.1 25.1 3 4 
Forage rye silage 9.6 25.1 3 4 
Triticale silage 7.0 38.8 3 4 
Triticale silage 8.6 38.8 3 4 
Triticale silage 8.6 38.8 3 4 
Triticale silage 9.4 38.8 3 4 
(Huhnke, 1990) a uncovered on ground, 
oriented N/S, variable 
chamber 
19.2 100.0 4 800 
uncovered on ground, 
oriented E/W, variable 
chamber 
19.3 100.0 4 800 
uncovered on ground, 
oriented N/S, fixed chamber 
11.9 100.0 4 800 
uncovered on ground, 
oriented E/W, fixed chamber 
13.6 100.0 4 800 
uncovered on pallet, oriented 
N/S, variable chamber 
13.8 100.0 4 800 
uncovered on pallet, oriented 
N/S, fixed chamber 
7.2 100.0 4 800 
uncovered on pallet, oriented 
E/W, fixed chamber 
7.4 100.0 4 800 
covered by plastic on pallet, 
oriented N/S, fixed chamber 
6.4 100.0 4 800 
uncovered on ground, 
oriented N/S, variable 
chamber 
16.0 100.0 4 800 
 
    
uncovered on ground, 12.9 100.0 4 800 





oriented N/S, fixed chamber 
barn storage, fixed chamber 7.9 100.0 4 800 
barn storage, variable 
chamber 
10.6 100.0 4 800 
(Jackson & Lessard, 
1977) a 
Corn silage, tower silo 9.2 28.0   
Corn silage, tower silo 8.8 33.0   
Corn silage, tower silo 13.6 45.0   
(Johnson et al., 2003) 
a 
corn silage 100.0 23.5 4 5 
corn silage 100.0 25.0 4 5.5 
corn silage 100.0 29.3 4 6.4 
corn silage 100.0 25.3 4 6 
corn silage 100.0 31.3 4 6.9 
corn silage 100.0 33.4 4 7.3 
corn silage 100.0 26.8 4 5.9 
corn silage 100.0 33.6 4 7 
corn silage 100.0 41.3 4 9 
(Kerr & Brown, 
1965) b 
Conventional hay 17.5    
Barn-dried hay 3.6    
Forage-harvested hay 10.8    
Crimped hay 8.8    
(Khanchi et al., 2009) 
a 
sorghum inside 4.7 100.0 2 1060 
sorghum inside 5.6 100.0 2 820 
sorghum outside, on ground 8.2 100.0 2 1060 
sorghum outside, on ground 12.6 100.0 2 820 
sorghum outside, on pallet 6.0 100.0 2 1060 
sorghum outside, on pallet 5.7 100.0 2 820 
sorghum covered, on pallet 6.3 100.0 2 1060 
sorghum covered, on pallet 5.7 100.0 2 820 
(Lechtenberg et al., 
1974)b 
Mixed hay, Vermeer 
wrapped LRB, outdoor 
8.2  4 1696 
Mixed hay, Hawk Bilt loose 
LRB, outodor 
12.6  4 864 
Mixed hay, Hesston square 
stack, outdoor 
8.8  4 1848 
Mixed hay, Allis-Chalmers 
small round, outdoor 
16.9  6 81 
(Mayne & Gordon, 
1986) a 
herbage, lined bunker silos 20.6 21.0 1 9914 
herbage, lined bunker silos 13.4 22.0 1 9238 
herbage, lined bunker silos 6.0 32.0 1 8812 
(McCormick et al., 
2011) b 
Bahiagrass hay, film 
wrapped LRB outdoor 
12.8 83.6 22 12672 
Bahiagrass hay, film 
wrapped LRB indoor 
2.9 84.2 22 13178 
Bahiagrass hay, baleage 0.3 49.7 34 23154 
      
      




(McCormick et al., 
1998) 
Ryegrass hay, indoors 3.7    
Ryegrass balage 8.9    
(McDonald et al., 
1962) a 
ryegrass silage 9.8 21.0 1 200 
ryegrass silage 23.9 17.0 1 200 
ryegrass silage 8.5 21.0 1 200 
ryegrass silage 21.2 17.0 1 200 
ryegrass silage 25.2 16.0 1 200 
ryegrass silage 24.8 14.0 1 200 
ryegrass silage 23.9 17.0 1 200 
ryegrass silage 23.7 15.0 1 200 
(McDonald et al., 
1966) a 
ryegrass silage 21.4 16.0 1 127 
ryegrass silage 16.2 17.0 1 127 
ryegrass silage 9.9 25.0 1 223 
ryegrass silage 10.3 25.0 1 223 
(McDonald et al., 
1968) a 
ryegrass silage 6.8 34.0 1 268 
ryegrass silage 10.4 34.0 1 268 
ryegrass silage 7.1 45.0 1 355 
ryegrass silage 6.7 48.0 1 378 
ryegrass silage 18.2 16.0 1 160 
ryegrass silage 7.5 29.0 1 290 
(Monti et al., 2009) a 
 
Switchgrass dry bales, 
covered 
2.7 68.0 8 2339 
Switchgrass dry bales, 
covered 
2.5 84.0 12 3995 
(Mooney et al., 2012) 
c 
Switchgrass, uncovered 34.3  65  
Switchgrass, covered 11.0  65  
(Muck & Holmes, 
2007) a 
Corn silage, bag 14.0 37.0 19 67186 
(Richey et al., 1982) a 
 
Corn stover, dy bales 
outdoors 
10.0 86.0   
Corn stover, dry bales 
outdoors 
23.0 67.0   
(Sanderson et al., 
1997) a 
Switchgrass bales outside, 
on sod 
5.6 81.0 9 2790 
Switchgrass bales outside, 
on gravel 
4.0 81.0 9 2790 
Switchgrass bales outside, 
on sod 
6.0 83.0 9 3420 
Switchgrass bales outside, 
on gravel 
4.7 83.0 9 3420 
Switchgrass bales outside 13.0 90.0 3 840 
Switchgrass bales inside 0.0 81.0 3 930 
Switchgrass bales inside 2.2 83.0 3 1080 
(Shah et al., 2011) b Corn stover, outdoor tarp 
covered LSB 
6.0 82.0 6 2400 
Corn stover, outdoor tarp 
covered LSB 
11.0 85.0 9 3870 
 





Corn stover, outdoor tarp 
covered LSB 
5.0 67.0 5 2100 
Corn stover, outdoor tarp 
covered LSB 
8.0 69.0 6 2460 
Corn stover, outdoor film 
covered LSB 
14.0 78.0 6 2580 
Corn stover, outdoor film 
covered LSB 
17.0 81.0 7 3360 
Corn stover, indoor LSB 8.0 81.0 7 2870 
(Shinners et al., 
2007) a 
Corn stover, wet bales 
ensiled 
10.9 52.7 15 79481 
Corn stover, wet bales 
ensiled 
3.8 44.6 15 68884 
Corn stover, wet bales 
ensiled 
1.4 58.3 15 68884 
Corn stover, wet bales 
ensiled 
3.0 62.0 16 5545 
Corn stover, wet bales 
ensiled 
4.2 60.0 16 2534 
Corn stover, wet bales 
ensiled 
1.2 71.0 16 6104 
Corn stover, wet bales 
ensiled 
2.9 56.0 16 2028 
Corn stover, dry bales stored 
indoors 
4.9 75.0 8 3052 
Corn stover, dry bales stored 
indoors 
4.8 87.0 10 1267 
Corn stover, dry bales stored 
indoors 
2.2 75.0 6 2289 
Corn stover, dry bales stored 
indoors 
1.1 87.0 5 634 
Corn stover, dry bales stored 
outdoors 
29.1 68.0 2 763 
Corn stover, dry bales stored 
outdoors 
14.0 76.0 4 1526 
Corn stover, dry bales stored 
outdoors 
11.0 78.0 4 1526 
Corn stover, dry bales stored 
outdoors 
39.0 84.4 6 2289 
Corn stover, dry bales stored 
outdoors 
19.0 83.4 6 2289 
Corn stover, dry bales stored 
outdoors 
14.2 83.6 6 2289 
 10.7    
Corn stover, dry bales stored 
outdoors 
17.7 72.5 2 763 
     
 





Corn stover, dry bales stored 
outdoors 
11.4 77.0 4 1526 
Corn stover, dry bales stored 
outdoors 
7.0 77.7 4 1526 
Corn stover, dry bales stored 
outdoors 
36.1 84.6 6 2289 
Corn stover, dry bales stored 
outdoors 
11.0 84.9 6 2289 
Corn stover, dry bales stored 
outdoors 
8.2 81.9 6 2289 
(Shinners et al., 
2010) a 
Reed Canarygrass, LRB, 
sisal twine, outdoor 
14.7 86.7 5 2524 
Reed Canarygrass, 
LRB,plastic twine, outdoor 
8.5 85.7 5 2524 
Reed Canarygrass, LRB, net, 
outdoor 
7.0 84.6 5 2524 
Reed Canarygrass, LRB, 
film, outdoor 
4.6 86.8 5 2524 
Reed Canarygrass, LRB, 
indoor 
2.2 86.0 5 2524 
Reed Canarygrass, tube 
silage 
0.6 64.7 5 2524 
Switchgrass, LRB, sisal 
twine, outdoor 
15.4 76.3 5 2524 
Switchgrass, LRB,plastic 
twine, outdoor 
9.3 79.0 5 2524 
Switchgrass, LRB, net, 
outdoor 
9.0 78.2 5 2524 
Switchgrass, LRB, film, 
outdoor 
5.4 76.9 5 2524 
Switchgrass, LRB, film, 
outdoor 
5.7 78.7 5 2524 
Switchgrass, LRB, indoor 4.9 75.3 5 2524 
Switchgrass, tube silage 2.0 51.0 5 2524 
Reed Canarygrass, LRB, 
film, outdoor 
4.6 85.1 5 2524 
Reed Canarygrass, LRB, 
covered 
3.3 82.9 18 9087 
(Shinners et al., 
2011) b 
Corn stover, whole plant, 
outdoor covered pile 
3.3 77.1 1  
Corn stover, whole plant, 
uncovered pile 
  1  
Corn silage, bag 0.1 70.2 1  
Corn stover, whole plant, 
covered pile, Oct 
20.2 43.0 1 2331 
Corn stover, whole plant, 
covered pile, Nov 
7.9 64.3 1 3696 
 





Corn stover, cob & husk, 
covered pile, Oct 
13.2 54.2 1 2431 
Corn stover, cob & husk, 
covered pile, Nov 
6.4 62.8 1 2997 
Corn stover, whole plant, 
uncovered pile, Oct 
24.5 41.9 1 2464 
Corn stover, whole plant, 
uncovered pile, Nov 
23.3 51.7 1 3530 
Corn stover, cob & husk, 
uncovered pile, Oct 
12.4 52.9 1 2098 
Corn stover, cob & husk, 
uncovered pile, Nov 
8.2 64.8 1 3097 
Corn stover, whole plant, 
aerated bag, Oct 
22.0 42.4 1 1018 
Corn stover, whole plant, 
aerated bag, Nov 
7.4 63.8 1 1760 
Corn stover, cob & husk, 
aerated bag, Oct 
10.3 53.4 1 912 
Corn stover, cob & husk, 
aerated bag, Nov 
7.4 62.2 1 1368 
Corn silage, bag, Oct 0.9 45.9 1 1866 
Corn silage, bag, Nov 6.4 55.5 1 1792 
Corn cob & husk silage, bag, 
Oct 
0.7 55.3 1 933 
Corn cob & husk silage, bag, 
Nov 
5.8 68.3 1 1696 
(Singh et al., 1996) a 
 
Wheat silage 2.8 36.1 3  
Wheat silage 5.9 32.4 3  
Wheat silage 2.6 30.0 3  
(Verma & Nelson, 
1983) a 
ryegrass, outside on gravel 31.9 100.0 4 1600 
ryegrass, outside on ground 39.8 100.0 4 1600 
ryegrass, outside on rack 31.8 100.0 4 1600 
ryegrass, covered on rack 11.1 100.0 4 1600 
ryegrass, outside on tires 33.0 100.0 4 1600 
ryegrass, indoors 8.8 100.0 4 1600 
(Weinberg & 
Ashbell, 1994) a 
Corn silage, bunker silo, 
35% DM (short) 
0.8 35.0 1  
Corn silage, bunker silo, 
33% DM (late) 
3.5 33.0 1  
Corn silage, bunker silo, 
26% DM (short) 
15.6 26.0 1  
Corn silage, bunker silo, 
27% DM (late) 
4.7 27.0 1  
Corn silage in bunker silo 
32% DM (avg) 
5.8 32.0 1  
Corn silage in bunker silo 
43% DM (avg) 
4.9 43.0 1  





Shinners, 2012) c 
Sweet Sorghum silage 
(control) 
2.7 38.5  1250 
Sweet Sorghum silage 
(enzyme) 
4.8 44.4  1250 
Sweet Sorghum silage 
(control) 
3.4 55.5  1250 
Sweet Sorghum silage 
(enzyme) 
3.5 57.9  1250 
Forage Sorghum silage 
(control 
0.3 41.1  1250 
Forage Sorghum silage 
(enzyme) 
2.6 45.3  1250 
Forage Sorghum silage 
(control 
3.7 52.0  1250 
Forage Sorghum silage 
(enzyme) 
3.4 51.2  1250 
(Wyss et al., 1991) b Grass haylage, film wrapped 9.4 37.0 9  







 JMP (SAS Institute, Cary, NC) was used to fit likelihood distributions of dry matter loss 
during on-farm storage.  Each entry in Table B 1 was sorted into one of five storage methods (dry 
bales stored indoors, outdoors covered, or outdoors uncovered, bale silage, and bulk silage).  
Comparisons of fit distributions, with parameter estimates for the two best fit, for the five data 
sets are shown below. 
 
 
Figure B 1 Dry matter loss likelihood during indoor dry bale storage. Distributions:  Normal 
 Johnson Sl 
 
Table B 2 Fit distribution parameter estimates for indoor dry bale storage. 
Type Parameter Estimate 
Normal 
Location μ 4.82 
Dispersion σ 2.90 
Johnson SI 
Shape γ -8.36 
Shape δ 3.64 
Location θ -5.53 
Scale σ 1 
 
Table B 3 Distribution fit comparison for indoor dry bale storage.  
Distribution Number of 
Parameters 
 -2*LogLikelihood AICc 
Normal 2 108.3 112.9 
Johnson Sl 3 106.8 114. 2 
GLog 3 107.2 114.6 
Exponential 1 113.2 115.4 













Figure B 2 Dry matter loss likelihood during covered dry bale storage. Distributions:  
LogNormal  Gamma 
 
Table B 4 Fit distribution parameter estimates for covered dry bale storage. 
Type Parameter Estimate 
LogNormal 
Scale μ 2.01 
Shape σ 0.469 
Gamma 
Shape α 4.64 
Scale σ 1.80 
Threshold θ 0 
 
Table B 5 Distribution fit comparison for covered dry bale storage.  
Distribution Number of 
Parameters 
 -2*LogLikelihood AICc 
LogNormal 2 149.8 154.2 
Gamma 2 151.1 155.6 
Johnson Sl 3 149.2 156.2 
GLog 3 149.8 156.8 
Weibull 2 154.1 158.6 
Extreme Value 2 154.1 158.6 
Johnson Su 4 149.2 158.9 
Normal 2 158.6 163.1 











Figure B 3 Dry matter loss likelihood during uncovered dry bale storage. Distributions  
lognormal  gamma 
 
Table B 6 Fit distribution parameter estimates for covered dry bale storage. 
Type Parameter Estimate 
LogNormal 
Scale μ 2.62 
Shape σ 0.565 
Gamma 
Shape α 3.36 
Scale σ 4.82 
Threshold θ 0 
 
Table B 7 Distribution fit comparison for covered dry bale storage.  
Distribution Number of 
Parameters 
 -2*LogLikelihood AICc 
LogNormal 2 375.4 379.6 
Gamma 2 377.1 381.3 
Johnson Sl 3 375.2 381.7 
GLog 3 375. 4 381.8 
Johnson Su 4 375.2 384.1 
Weibull 2 380.8 385.0 
Extreme Value 2 380.8 385.1 
Normal 2 393.3 397.5 














Figure B 4 Dry matter loss likelihood during bale silage storage. Distributions  exponential 
 gamma 
 
Table B 8 Fit distribution parameter estimates for bale silage storage. 
Type Parameter Estimate 
Exponential 
Scale σ 4.16 
Gamma 
Shape α 0.946 
Scale σ 4.40 
Threshold θ 0 
 
Table B 9 Distribution fit comparison for bale silage storage.  
Distribution Number of 
Parameters 
 -2*LogLikelihood AICc 
Exponential 1 87.33 89.57 
Gamma 2 87.29 92.09 
Weibull 2 87.31 92.11 
Extreme Value 2 87.31 92.11 
LogNormal 2 89.78 94.58 
Johnson Sl 3 89.47 97.18 
GLog 3 89.79 97.50 
Normal 2 99.29 104.1 














Figure B 5 Dry matter loss likelihood during bulk silage storage. Distributions  Weibull  
gamma 
 
Table B 10 Fit Distribution parameter estimates for bulk silage storage. 
Type Parameter Estimate 
Weibull 
Scale α 12.4 
Shape β 1.71 
Gamma 
Shape α 2.53 
Scale σ 4.37 
Threshold θ 0 
 
Table B 11 Distribution fit comparison for bulk silage storage.  
Distribution Number of 
Parameters 
 -2*LogLikelihood AICc 
Gamma 2 398.2 402.4 
Weibull 2 399.0 403.2 
Extreme Value 2 399.0 403.2 
Johnson Sl 3 399.1 405.5 
LogNormal 2 402.1 406.3 
GLog 3 402.1 408.6 
Normal 2 413.5 417.7 
Johnson Su 4 413.5 422.2 
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Appendix C Input Data for GREET Sensitivity Analyses 
The tables below show many of the data sources and model parameter values for the sensitivity 
analyses of GREET to biomass storage operations presented in Chapter 3. 
 
Table C 1 General corn stover model parameters. 
Parameter Data 
Plant Capacity 118.75 M L/yr 
Corn Yield (IOWA) 179 bu/acre 
Stover to Grain Ratio (dry basis) 1:1   
Stover harvest efficiency 38 % 
Corn acreage 57.23 % 
Farmer Participation 50 % 
Truck loading (bales) 26 LSB 
Truck loading (wet stover) 25 ton 
Bale weight 588 dry kg/bale 
 
Table C 2 Variable GREET inputs for indoor storage of dry corn stover bales.  
 5%ile 25 50 75 95   Scenarios: 
K2O Fertilizer 13298 13715 13918 14266 14779 g/ton   
P2O5 Fertilizer 2610 2692 2732 2800 2901 g/ton   
N Fertilizer 7291 7519 7631 7821 8103 g/ton   
Farming Energy 258624 266723 270679 277439 287425 btu/ton Baseline harvest 
efficiency 
221562       246235 btu/ton 50% Collection 
Efficiency 
N2O credit: N 
avoided 
-1.25% -1.27% -1.27% -1.29% -1.30% % Low off-gassing 
rate 
-1.23% -1.20% -1.18% -1.14% -1.10% Moderate off-
gassing rate 




24 25 26 27 28 mi Baseline collection 
efficiency 
22       25 mi 50% Collection 
Efficiency 








  Dry Stover Wet Stover Ensiled Stover Input 
Location 













98.3% % 98.3% % 98.3% % Inputs C217 
Collection rate: 38.3% % 70.0% % 70.0% % Inputs C218 
K2O Fertilizer* 13139 g/ton 13139 g/ton 13139 g/ton Inputs F193 
P2O5 
Fertilizer* 
2579 g/ton 2579 g/ton 2579 g/ton Inputs F192 
N Fertilizer* 7203 g/ton 7203 g/ton 7203 g/ton  Inputs F191 
Farming 
Energy* 
255521 btu/ton 255521 btu/ton 255521 btu/ton Inputs F189 
N2O biomass 
emissions 
3.125% % 3.125% % 3.125% % Inputs D210 
N2O credit: N 
content 
0.45 % 0.45 % 0.45 % Inputs C213 
N2O credit: N 
avoided* 
-1.25% % -1.25% % -1.25% % Inputs D213 
Moisture % 
transport 
15% % 50% % 50% % Inputs C316 
Distance 
Transported* 
24 mi 34 mi 24 mi T&D 
Flowcharts 
F1321 
Mass Trans per 
Load* 
20 tons 25 tons 25 tons T&D AC7 
Shares of 
Production 
100 % 100 % 100 % Fuel_Prod_T
S S285 
% Ethanol in 
FFV 






Table C 4 Variable GREET inputs for outdoor storage of dry corn stover bales.  
 5%ile 25 50 75 95   Scenarios: 
K2O Fertilizer 13787 14599 15278 16281 21364 g/ton   
P2O5 Fertilizer 2706 2865 2999 3195 4193 g/ton   
N Fertilizer 7559 8004 8376 8926 11713 g/ton   
Farming Energy 268123 283912 297117 316631 415481 btu/ton Baseline harvest 
efficiency 
Farming Energy 229699       355940 btu/ton 50% Collection efficiency 
N2O credit: N avoided -1.27% -1.30% -1.32% -1.35% -1.51%   Low off-gassing rate 
N2O credit: N avoided -1.19% -1.11% -1.05% -0.95% -0.47%   Moderate off-gassing rate 
N2O credit: N avoided -0.93% -0.53% -0.20% 0.30% 2.80%   High off-gassing rate 
Distance Transported 25 28 30 33 49 mi Baseline collection 
efficiency 
Distance Transported 22       43 mi 50% Collection efficiency 






Table C 5 Variable GREET inputs for wet pile storage of corn stover.  
Wet Stover w/ Storage 
Losses: 
5%ile 25 50 75 95   Input Location Scenarios: 
K2O Fertilizer 13615 13948 14470 15530 17063 g/ton Inputs F193   
P2O5 Fertilizer 2672 2737 2840 3048 3349 g/ton Inputs F192   
N Fertilizer 7465 7647 7933 8515 9355 g/ton * Inputs F191   
Farming Energy 264789 271254 281411 302034 331845 btu/ton Inputs F189 Baseline harvest 
efficiency 
Farming Energy 189047 193662 200914 215638 236922 btu/ton Inputs F189 50% Collection 
efficiency 
N2O credit: N avoided -1.26% -1.28% -1.29% -1.32% -1.37%   Inputs D213 Low off-gassing rate 
N2O credit: N avoided -1.20% -1.17% -1.12% -1.02% -0.88%   Inputs D213 Moderate off-gassing rate 
N2O credit: N avoided -1.02% -0.85% -0.59% -0.07% 0.68%   Inputs D213 High off-gassing rate 













Table C 6 Variable GREET inputs for corn silage production.  
Silage w/ Storage Losses: 5%ile 25 50 75 95   Input Location Scenarios: 
K2O Fertilizer 13615 13948 14470 15530 17063 g/ton Inputs F193   
P2O5 Fertilizer 2672 2737 2840 3048 3349 g/ton Inputs F192   
N Fertilizer 7465 7647 7933 8515 9355 g/ton * Inputs F191   
Farming Energy 264789 271254 281411 302034 331845 btu/ton Inputs F189 Baseline harvest efficiency 
Farming Energy 189047 193662 200914 215638 236922 btu/ton Inputs F189 50% Collection efficiency 
N2O credit: N avoided -1.26% -1.28% -1.29% -1.32% -1.37%   Inputs D213 Low off-gassing rate 
N2O credit: N avoided -1.20% -1.17% -1.12% -1.02% -0.88%   Inputs D213 Moderate off-gassing rate 
N2O credit: N avoided -1.02% -0.85% -0.59% -0.07% 0.68%   Inputs D213 High off-gassing rate 




Distance Transported 18 18 19 19 20 mi T&D Flowcharts 
F1321 










Combined CH4 and N2O Emissions as 
‘% N as N2O’ equivalent: 
 Low: Moderate: High: 











1.2% 1.21% -1.25% -1.23% -1.17% 
4.2% 4.38% -1.27% -1.20% -0.97% 
5.6% 5.93% -1.27% -1.18% -0.87% 
7.9% 8.58% -1.29% -1.14% -0.70% 












4.7% 4.93% -1.27% -1.19% -0.93% 
10.0% 11.11% -1.30% -1.11% -0.53% 
14.0% 16.28% -1.32% -1.05% -0.20% 
19.3% 23.92% -1.35% -0.95% 0.30% 















 3.5% 3.63% -1.26% -1.20% -1.02% 
5.8% 6.16% -1.28% -1.17% -0.85% 
9.2% 10.13% -1.29% -1.12% -0.59% 
15.4% 18.20% -1.32% -1.02% -0.07% 







Appendix D Switchgrass and Miscanthus Parameters for GREET Modeling 
Table D 1 Default GREET model parameters for cellulosic ethanol production from switchgrass, 
miscanthus, and corn stover. 
  Switchgrass Miscanthus Corn Stover 
Harvest yield* (Mg/ha) 15 20.2 158 (bu grain/ac) 
Ethanol yield (L/Mg) 375 375 375 
Electricity yield (kWh/Mg)  226  226  226 
Enzyme use (g/kg DM) 15.5 15.5 15.5 
Yeast use (g/kg DM) 2.49 2.49 2.49 
Insecticide (g/Mg) 0 0 0 
Herbicide (g/Mg) 31 31 0 
CaCO3 Fertilizer (g/Mg) 0 0 0 
K2O Fertilizer (g/Mg) 220 5520 13228 
P2O5 Fertilizer (g/Mg) 110 1354 2205 
N Fertilizer (g/Mg) 7716 3877 8488 
Farming energy use (MJ/Mg) 144 153 219 
Aboveground N biomass 
content* (g/Mg) 
0 0 0 
Moisture at transport* (%)  15 15 15 
*Note that harvest yield (Mg/ha) is not a GREET parameter, and is used only to calibrate 
fertilizer and energy use rates. Aboveground N biomass content (g/Mg) represents N content in 
decaying plant material postharvest, and is used only to determine field N2O emissions. Moisture 
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Appendix E Emissions Rates Calculations in Microsoft Excel 
 As reported in Chapter 6, the CO2 content of biomass storage containers was estimated 
based on O2 content for comparison with measured CO2 values using the formula: 
 𝐶𝑂2 𝑡1 = 𝐶𝑂2 𝑡0 + 𝐶𝑂2 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 + 𝐶𝑂2 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 Eq. E.1 
Where  
 𝐶𝑂2 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 = 𝑂2 𝑡1 − 𝑂2 𝑡0 + (𝑂2* − 𝑂2 t0)𝑒𝐾𝐷∗(𝑡1−𝑡0) Eq. E.2 
And 
 𝐶𝑂2 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = (𝐶𝑂2* − 𝐶𝑂2 t0)𝑒𝐾𝐷∗(𝑡1−𝑡0) Eq. E.3 
Giving the complete formula: 
 𝐶𝑂2 𝑡1 = 𝐶𝑂2 𝑡0 + 𝑂2 𝑡1 − 𝑂2 𝑡0 + (𝑂2* − 𝑂2 𝑡0)𝑒𝐾𝐷∗(𝑡1−𝑡0) + (𝐶𝑂2* − 𝐶𝑂2 𝑡0)𝑒𝐾𝐷∗(𝑡1−𝑡0)  
  Eq. E.4 
Which simplifies to: 
 𝐶𝑂2 𝑡1 = 𝐶𝑂2 𝑡0 + 𝑂2 𝑡1 − 𝑂2 𝑡0 + [(𝑂2* − 𝑂2 𝑡0) + (𝐶𝑂2* − 𝐶𝑂2 𝑡0)]𝑒𝐾𝐷∗(𝑡1−𝑡0) Eq. E.5 
 
 In the Microsoft Excel file, formulas were used to automate this calculation, from a 
spreadsheet containing a table with two rows of gas concentration data (CO2, ppm; O2, %) by day 
for each storage container.  The following examples demonstrate the method used to automate the 
identification of variables for each sample and time point: 
 
The estimated diffusion rate was modified based on the storage temperature of each reactor: 
𝐾𝐷: -Kr*(((VLOOKUP($A42,'Bale Data'!A3:C62,3,FALSE) +273.15)/(295.13))^(3/2)) 
 
 The estimated CO2 concentration at the previous time step was found by identifying a 















𝑂2*, 𝐶𝑂2*: Ambient gas concentrations were defined based on measured gas concentrations. 
 
 The storage duration at the previous time point was identified using an index function to 






 For example, the calculation of CO2 content (ppm) at a particular time point for a 



































 More comprehensive results of these calculations than reported in Chapter 6 are shown in 
the following figure, which demonstrates the differences between measured CO2, measured O2, 
and estimated CO2.  Each figure shows results for multiple storage containers with biomass from 
one crop at a particular temperature and moisture combination. 
 
Figure E 1 Measured and estimated O2 and CO2 in biomass storage containers.  Diamonds 
indicate measured O2, circles indicate measured CO2, dashed lines show modeled CO2 based on 
O2 concentration and diffusion estimates.  Filled symbols with black line and open symbols with 
grey line represent two different containers at each condition, (a) corn stover, 20°C, 0.9 AW (b) 





Appendix F Model Selection for Microbial Respiration as a Basis for Statistical Analysis of 
Gas Emissions 
Goal:  
 Determine the extent of non-CO2 greenhouse gas emissions from stored cellulosic biofuel 
feedstocks under a range of environmental conditions common to biomass storage.  Determine 
whether emissions correlate with dry matter loss of stored biomass. 
 
Experimental Procedure:  
 Corn stover (leaves & stalks) and switchgrass, both post-senescence, were collected from 
the field and stored under varying temperature and moisture treatments.  Substantial fungal 
growth was observed. Data was collected on dry matter loss (by weight of bales before and after 
storage), and concentrations of four gasses (O2, CO2, CH4, N2O) throughout storage.  The initial 
study design and measurement protocols did not include O2.  Measurements of O2 were begun a 
few weeks into the experiment for a subset (13 of 30) of the experimental units.  Late in the 
experiment, planned CO2 measurements were found to be suspect, and data saved from O2 
sampling was used to acquire CO2 data from that sample set (same 13 of 30 units).  Data for each 
of the four gases each at each time point (1-2 sampling points per week for 8 weeks) was used to 
determine total gas production/consumption in each storage container. 
 Prior to the storage experiment, 9 of the 60 storage containers were tested for leakage by 
filling with N2 gas and measuring the rate of O2 influx.  A diffusion rate constant was estimated 
and used to calculate the loss or gain of each gas in each container between each consecutive 
measurement time points. This allowed us to estimate the total mass of each gas 
produced/consumed, and the rate of gas production/consumption over the storage period, 
normalized to the mass of the bale stored in each container.  Initially, a response surface model 
was planned to assess the rate of CO2, CH4, and N2O production with respect to storage 
conditions (moisture, temperature) and crop type. 
 
Concerns:  
 The design of the response surface model may not be suitable for all of the gas analyses 
in our study.  The need for a diffusion coefficient, and the powerful influence of that parameter in 
the final results, was not anticipated. The small ‘n’ of O2 and CO2 data (see Table 6.1), and their 




analytical model. A statistical method which incorporates each data point, rather than containers 
averages, is needed to maximize statistical power. 
 
Existing models: 
 There is a very wide range of mechanistic and statistical models available for assessing 
microbial growth and respiration in the soils and (less common) forage literature.  At the most 
detailed, a 50-parameter model of microbial respiration, C, and N pools, and plant biomass was 
constructed to assess decomposition rates of wheat residue (Stroo, Bristow et al. 1989).  Most 
often, however, analyses of O2 consumption / CO2 efflux in soils use linear regression techniques 
against temperature, moisture, and/or other environmental factors to determine their influence on 
soil microbial respiration rates ((Wildung, Garland et al. 1975; Davidson, Belk et al. 1998; Jia 
and Zhou 2009) and many others).  The most commonly used parameter in soils respiration is 
Q10, an expression of the change in rate of a chemical reaction given a 10°C change in 
temperature (Q(10) can be calculated between any two temperatures as: 
 𝑄10 = �𝑘2
𝑘1
�
�10 (𝑇2−𝑇1)� � Eq. F.6 
 where k1 and k2 are the rates of respiration (CO2 production) at T1 and T2, respectively (Chen et 
al. 2000).).  Q10 is reported in many papers on soil microbial respiration or CO2 flux. 
 The middle ground is populated by studies with less complex models of soil respiration 
and emissions, and more complex statistical analyses. One model of forest reside decomposition 
takes a mechanistic approach, using a Michaelis-Menten approach to O2 availability to residue 
and soil particles at varying levels of moisture, as well as conventional soils temperature kinetics, 
to develop a 6-parameter model (including moisture and temperature) (Bunnell, Tait et al. 1977).  
Howard & Howard (1993) use a method strikingly similar to modern response surface analysis to 
assess the influence of moisture content and temperature on CO2 from a variety of soil types 
(though a moisture x temperature interaction term is omitted).  In a more recent study of soil 
respiration, the Q10 exponential function was used to model the influence of temperature, while a 
separate 4-parameter exponential function of soil moisture was used to assess the role of moisture 
on seasonal shifts in microbial activity (Yuste, Baldocchi et al. 2007).  Finally, in a experiment on 
root decomposition, ANOVA/ANCOVA were used to determine the covariance and significance 
of moisture, temperature, species, and decay class on CO2 production (Chen, Harmon et al. 2000). 
Chen et al. also demonstrate a simple exponential model of Q10 with temperature:  




 In the forage literature, models of mass loss from hay storage are uncommon and often 
limited to regressions against bale internal heating (heating degree days, HDD, or maximum 
temperature) (McBeth et al. 2001; Coblentz & Hoffman 2009), and/or rely on measurement of 
biomass composition to estimate mass loss (Coblentz & Hoffman 2010; Jaurena 2012).  Many 
studies compare treatments according to storage method and initial moisture content (Rotz et al. 
1989), although most stop short of proposing a broadly applicable model (Turner et al. 2002; 
Coblentz & Hoffman 2009; Martinson et al. 2011).  Mechanistic models of silage loss exist which 
incorporate parameters for microbial growth, respiration, and oxygen infiltration (Buckmaster et 
al. 1989), but these are often based on the metabolism of specific microbial species or populations 
and/or the uniquely wet, carbohydrate-rich, acidic environment present in silage. 
 As I have addressed elsewhere, the most applicable literature on gas emissions from 
biomass storage are studies of compost degradation and emissions.  Unfortunately, due to the 
complexity and cost of mass balance studies at larger than bench top scales, these often compare 
individual treatments with limited, if any, statistical assessment of the data (Fukumoto et al. 2003; 
Hui et al. 2003; Ni et al. 2009). Some studies compare a small number of samples per treatment 
using linear correlation of gas data (log-transformed to reduce variability and normalize data) 
(Beck-Friis et al. 2000).  However, one study in particular stands out among those reviewed.  
Pattey et al. (2005) use a recently developed statistical tool, repeated measures analysis, to 
compare estimated CH4 emissions rates from manure compost over several weeks, assessing 
differences within and between manure treatments.  Though the number of samples and 
treatments were small, a repeated measures technique adjusted for lack of independence between 
samples taken at several time points, allowing Pattey et al. to generate sufficient data and 
statistical power for their comparisons of gas flux over time. 
 
Model selection: 
 Due to the wide variety of mechanistic and statistical correlation models in the soils and 
decomposition literature, it is unclear which method would be best suited to a controlled study of 
cellulosic crop storage.  The goals of our study are to estimate the effects of temperature and 
moisture during biomass storage on mass loss and gas emissions due to microbial and fungal 
activity in corn stover and switchgrass. Among soil and decomposition studies, this is most 
similar to the data collected by Bunnell’s study on moisture and temperature effects on O2 uptake 
during woody material and litter decomposition (Bunnell et al. 1977), and Chen’s examination of 




2000), who use a mechanistic O2 – availability model and ANOVA analysis, respectively, to 
interpret the environmental effects. 
 A mechanistic approach based on O2 consumption, like that in Bunnell et al., would 
require a parameter for optimal growth rate which may not be applicable to the microbial 
processes which generate the gases of interest in the present study of methane and nitrous oxide.  
ANOVA, though not based on the underlying biology of the system, may be better suited to an 
experiment in which the local environment and biology of gas production is less well understood.  
A traditional ANOVA would be problematic in this case, however, because of the longitudinal 
nature of our data.  Measurements from the same container at different time points would not be 
independent.  Repeated measures analyses are designed to assess longitudinal data, and appear to 
best suit our needs.  Several repeated measure methodologies are available in many statistical 
packages, including SAS (via the ‘proc mixed’ function) (Moser 2004). 
 Our initial plan, developed in cooperation with Purdue’s Statistical Consulting Service, 
was to use a response surface design to assess influence of environmental variables (temperature 
& moisture) on the rate of CH4 and N2O emissions from biomass.  Given the wide range of 
models in the literature, most of which are non-mechanistic, I do not see justification for a post-
hoc change in our analytical method for those tests.  Both linear and quadratic terms have been 
found significant for temperature and moisture under the range of conditions in our study, lending 
support to the number of parameters in the response surface model (and besides, when 
interactions terms are significant, which moisture x temperature often are in these cases, second-
order terms are likely to be significant as well). In addition, a response surface analysis will be 
used on the final global warming potential estimate from each storage container (combined 
methane & nitrous oxide data) to determine conditions which minimize or maximize net 
greenhouse gas emissions. However, the response surface may not be suitable for assessing the 
non-diffusion-transformed gas data across time, or the more limited O2 and CO2 data sets. 
 Based on this, I use a repeated measures model to determine the significance of moisture, 
temperature, moisture x temperature, crop species, and time-in-storage on concentrations of each 
of the four measured gases (prior to adjusting for diffusion) in the storage containers.  Log-
transformation of highly variable data (CO2, CH4, N2O) will reduce the correlation of variance 
with concentration to better fit assumptions of statistical tests. Ten N2O concentration values were 
negative and excluded from log-transformed analyses, reducing total N from 721 to 711. 
 Repeated measures models’ accuracy are strongly dependent on the structure of the 




programs have a wide range of algorithms for assessing the covariance between measures, which 
are explained and compared in the literature and in many online statistical resources (Hanneman, 
2013; Moser 2004; SAS Institute, Inc, 2013).  A crucial part of repeated measures is the selection 
of the covariance matrix structure, which defines the way in which the model handles 
relationships between data points within the repeated factor. 
o Unstructured: Each correlation is different, but non-zero, with no fixed pattern of 
correlation. 
o Compound symmetry: A very common approach, assuming all data within the 
repeated factor to have equal covariance with one another, and to be independent 
in time. 
o First-order autoregressive (AR1): Correlations among errors decline 
exponentially with distance. 
o Toeplitz: A more highly parameterized time-dependence method, probably not 
suitable for the gas diffusion dataset (unless weekly averages are used) because 
of the large variety in time differences between sampling points. 
o First-order antedependence (ANTE(1)): like ARH(1), except that the correlation 
between adjacent time points can vary across time. 
 Of the half-dozen most commonly used covariance matrices, the most applicable to the 
present study appears to be first-order autoregressive (AR1).  This method allows correlation of 
measurements across time, even when the time points are unevenly spaced (so long as time units 
are measured in integers). For O2 and CO2 analysis, due to the weekly nature of the gas sampling 
schedule, time-in-storage will be defined on a weekly basis (rather than daily). 
 Finally, to improve the power and number of comparisons in the assessment of dry matter 
losses, I use a linear regression to compare the effects of moisture, temperature, moisture x 







Beck-Friis B., Pell M., Sonesson U., H J., Kirchman H. (2000) Formation and emission of N2O 
and CH4 from compost heaps of organic household waste. Environ Monit Assess 62:317-
331. 
Buckmaster D.R., Rotz C.A., Muck R.E. (1989) A Comprehensive Model of Forage Changes in 
the Silo. Transactions of the ASAE 32:1143-1151. 
Bunnell F.L., Tait D.E.N., Flanagan P.W., Van Cleve K. (1977) Microbial respiration and 
substrate weight loss - I. A general model of the influences of abiotic variables. Soil Biol 
Biochem 9:33-40. 
Chen H., Harmon M.E., Griffiths R.P., Hicks W. (2000) Effects of temperature and moisture on 
carbon respired from decomposing woody roots. For Ecol Manag 138:51-64. 
Coblentz W.K., Hoffman P.C. (2009) Effects of bale moisture and bale diameter on spontaneous 
heating, dry matter recovery, in vitro true digestibility, and in situ disappearance kinetics 
of alfalfa-orchardgrass hays. J Dairy Sci 92:2853-2874. 
Coblentz W.K., Hoffman P.C. (2010) Effects of spontaneous heating on estimates of total 
digestible nutrients for alfalfa-orchardgrass hays packaged in large round bales. J Dairy 
Sci 93:3377-3389. 
Davidson E.A., Belk E., Boone R.D. (1998) Soil water content and temperature as independent or 
confounded factors controlling soil respiration in a temperate mixed hardwood forest. 
Global Change Biology 4:217-227. 
Fukumoto Y., Osada T., Hanajima D., Haga K. (2003) Patterns and quantities of NH3, N2O, and 
CH4 emissions during swine manure composting without forced aeration - effect of 
compost pile scale. Bioresour Technol 89:109-114. 
Hanneman, R. (2013) "Linear models: Repeated-measures analysis."  Retrieved August 3, 2013 
from http://faculty.ucr.edu/~hanneman/linear_models/c8.html. 
Howard D.M., Howard P.J.A. (1993) Relationships between CO2 evolution, moisture content, 
and temperature for a range of soil types. Soil Biol Biochem 25:1537-1546. 
Hui C., So M., Lee C., Chan G. (2003) Nitrous oxide flux from landill leachate-sawdust 
nitrogenous compost. Chemosphere 52:1547-1551. 
SAS Institute, Inc. (2013). "SAS/STAT(R) 9.22 User's Guide."  Retrieved August 3, 2013, from 
http://support.sas.com/documentation/cdl/en/statug/63347/HTML/default/viewer.htm. 
Jaurena G. (2012) Assessment of an indirect technique to predict hay and silage storage dry 
matter losses through Monte Carlo simulation. Crop & Pasture Science 63:683-689. 
Jia B., Zhou G. (2009) Integrated diurnal soil respiration model during growing season of a 
typical temperate steppe: Effects of temperature, soil water content and biomass 




Martinson K., Coblentz W.K., Sheaffer C. (2011) The effect of harvest moisture and bale 
wrapping on forage quality, temperature, and mold in orchardgrass hay. Journal of 
Equine Veterinary Science 31:711-716. 
McBeth L.J., Coffey K.P., Coblentz W.K., Turner J.E., Scarbrough D.A., Bailey C.R., Stivarious 
M.R. (2001) Impact of heating-degree-day accumulation during bermudagrass hay 
storage on nutrient utilization by lambs. J Anim Sci 79:2698-2703. 
Moser E.B. (2004) Repeated measures modeling with PROC MIXED, in: S. I. Inc. (Ed.), 
Proceedings of the Twenty-Ninth Annual SAS Users Group International Conference, 
SAS Institute Inc., Cary, NC. 
Ni J.-Q., Heber A.J., Sutton A.L., Kelly D.T. (2009) Mechanisms of gas releases from swine 
wastes. Transactions of the ASABE 52:2013-2025. 
Pattey E., Trzcinski M.K., Desjardins R.L. (2005) Quantifying the reduction of greenhouse gas 
emissions as a result of composting dairy and beef cattle manure. Nutr Cycl Agroecosyst 
72:173-187. 
Rotz C.A. (1995) Loss Models for Forage Harvest. Transactions of the ASAE 38:1621-1631. 
Rotz C.A., Buckmaster D.R., Mertens D.R., Black J.R. (1989) DAFOSYM: A dairy forage 
system model for evaluating alternatives in forage conservation. J Dairy Sci 72:3050-
3063. 
Stroo H.F., Bristow K.L., Elliott L.F., Papendick R.I., Campbell G.S. (1989) Predicting rates of 
wheat residue decomposition. Soil Sci Soc Am J 53:91-99. 
Turner J.E., Coblentz W.K., Scarbrough D.A., Coffey K.P., Kellogg D.W., McBeth L.J., Rhein 
R.T. (2002) Changes in nutritive value of bermudagrass hay during storage. Agron J 
94:109-117. 
Wildung R.E., Garland T.R., Buschbom R.L. (1975) The interdependent effects of soil 
temperature and water content on soil respiration rate and plant root decomposition in 
arid grassland soils. Soil Biol Biochem 7:373-378. 
Yuste J.C., Baldocchi D.D., Gershenson A., Goldstein A., Misson L., Wong S. (2007) Microbial 
soil respiration and its dependency on carbon inputs, soil temperature and moisture. 

















 Isaac Emery was raised in Corvallis, Oregon, where he gained an appreciation for the 
natural world camping, hiking, and running in the Willamette Valley and Cascade Mountains.  
While in high school, he worked as a summer research assistant in the College of Forestry at 
Oregon State University through the Apprenticeships in Science and Engineering Program, a job 
he returned to for five consecutive years.  Isaac studied environmental issues and molecular 
science at Whitman College, earning a B.A. in Biochemistry, Biophysics, and Molecular Biology 
in 2005.  With the support of a Whitman Internship Fund award, he spent several months 
studying the effects of land use change on soils at Lincoln University in New Zealand.  After 
earning his degree, Isaac joined the Division of Cardiology at the University of Washington as a 
Research Scientist, where he investigated the role of fibrinolytic proteins in atherosclerosis. 
 At Purdue, Isaac has worked to build a culture of engaging and rigorous interdisciplinary 
science through mentorship and events such as the annual Ecological Sciences and Engineering 
Symposium and the Keystone Series.  In 2010, Isaac was named one of Purdue's Five Students 
Making Global Impact for his contributions to environmental action and awareness on- and off-
campus.  Isaac is a member of the Sigma Xi and Tau Beta Pi honors societies, and has authored 6 
peer-reviewed papers in a variety of disciplines.  Following graduation, he plans to return to the 
West coast where he will contribute toward a more complete and quantitative science of 
sustainability. 
 
 
 
